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Professor Dr. Habil. Costel Sarbu is one of the pioneers of
Chemometrics in Romania. He was born on January 12 1951 in Giurgita,
Dolj county Romania. He obtained his B.S. degree in 1975 from Babeg-
Bolyai University in Cluj-Napoca, followed by his MSc degree in 1976 from
the same university. In 1987, he gained the PhD in chemistry with the
thesis entitled “Applications of Information Theory in Chromatography with
Fluorescence Detection” elaborated under the scientific supervision of
illustrious Professor Candin Liteanu. After a short period of engagement in
the industry and research, in 1980 he began his academic career as
Assistant Professor at Polytechnic Institute Cluj-Napoca. Since 1990 he
continued the academic career as Lecturer (1990-1994), Associate Professor
(1994-2014) and full Professor (2014-2016) at Babes-Bolyai University Cluj-
Napoca, Faculty of Chemistry and Chemical Engineering. After his retirement
in 2016, he was honoured with a Professor Emeritus position.

Professor Séarbu has devoted himself to studying the field of
analytical chemistry and chemometrics. He approached a wide variety of
fundamental and topical research interests including new applications of
chemometric methods in the lipophilicity evaluation, fingerprinting analysis and
development of structure-property-activity relationships (QSAR/QSPR/QSRR).
Professor Sarbu gained an important international visibility reflected by a
Hirsch index 22 founded on scientific papers published in international journals
available via ISI Web of Knowledge which gathered more than 1730 citations.



PROFESSOR COSTEL SARBU ON HIS 65" ANNIVERSARY

Other publications included monographies and books or book chapters edited
by romanian and international specialized publishers. He is the owner of
intellectual property rights for 15 patents and he was the scientific coordinator
of several national and international projects. His contributions in to the
scientific research were rewarded with special honors such as: Romanian
Academy Prize “Nicolae Teclu” for the papers published in 2008 in the field
of Chemometrics and Special Prize of Patriciu Foundation for research
activity during 2010-2011.

During his scientific activity Professor Sarbu served as editorial member
of several international journals and he became a member of prestigious
scientific societies including AOAC International, American Chemical Society,
Applied Spectroscopy Society and Romanian Society of Chemistry.

Cluj-Napoca, 14.06.2017

In the name of the coworkers,
Dr. Codruta COBZAC and Dr. Dorina CASONI
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DEVELOPMENT OF QUANTITATIVE HPTLC-DENSITOMETRY
METHODS FOLLOWING A MODEL APPROACH FOR TRANSFER
OF TLC SCREENING METHODS FOR PHARMACEUTICAL
PRODUCTS OF METFORMIN HCL, POTASSIUM CLAVULANATE,
CAFFEINE, FLUOXETINE HCL, AND GABAPENTIN

KAITLIN NGUYEN?, DANHUI ZHANG® and JOSEPH SHERMA?®*

ABSTRACT. Transfer of thin-layer chromatography Global Pharma Health
Fund Minilab kit protocols for detecting counterfeit drugs in pharmaceutical
products in the field to quantitative high-performance TLC (HPTLC)-densitometry
methods was carried out for potassium clavulanate and metformin HCI using
a model process published earlier. HPTLC-densitometry methods were also
developed following the model process for caffeine, fluoxetine HCI, and
gabapentin, for which methods are not included in the Minilab manual. The model
process involves use of EMD Millipore Premium Purity silica gel 60 F2s4 plates,
automated sample and standard solution application with a CAMAG Linomat 4,
and automated densitometry with a CAMAG Scanner 3 for determination of
peak purity and identification and for quantification. Detection methods for
counterfeit samples of the three drugs not covered in the Minilab manual were
also developed and posted online with open access as supplemental methods for
the Compendium of Unofficial Methods for Rapid Screening of Pharmaceuticals
by Thin Layer Chromatography.

Keywords: thin layer chromatography, drug analysis, metformin HCI, potassium
clavulanate, gabapentin, fluoxetine HCI, caffeine
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INTRODUCTION

A model process was previously described [1-3] for transfer of
qualitative/semiquantitative thin-layer chromatography (TLC) screening methods
for pharmaceutical products with quality defects contained in the Global
Pharma Health Fund E.V. (GPHF) Minilab manual [4] or U.S. Food and Drug
Administration Compendium of Unofficial Methods for Rapid Screening of
Pharmaceuticals by Thin Layer Chromatography [5] to quantitative high-
performance TLC (HPTLC)-densitometry methods. The model process was
applied earlier to formulations containing acetylsalicylic acid, acetaminophen,
ibuprofen, and chlorpheniramine maleate [1]; mebendazole, diphenhydramine
HCI, amodiaquine, and artesunate [2]; amodiagine and diazepam [3];
lumefantrine + artemether [6]; albendazole, amodiaquine + artesunate [7];
pyrazinamide + ethambutol + isoniazid + rifampicin [8]; quinine sulfate,
mefloquine, and dihydroartemisinin + piperaquine phosphate [9]; azithromycin,
imipramine HCI, and sulfadoxine + pyrimethamine [10]; clarithromycin, azithromycin,
and amodiaquine + artesunate [11]; and cefixime, cefuroxime axetil, cephalexin
hydrate, ciprofloxacin HCI, levofloxacin, and metronidazole [12].

The model process comprises sample and standard preparation,
establishment of a linear or polynomial calibration curve covering 70-130% of
the label value, assay of three samples of the pharmaceutical product relative
to the label value each in triplicate, evaluation of the accuracy of the method
using standard addition analysis at 50, 100, and 150% fortification levels each
in triplicate, and peak purity and peak identity tests; only certain relatively
nontoxic solvents can be used for standard and sample solution and mobile
phase preparation. In this article, we report the use of the model process to
transfer TLC Minilab methods to HPTLC-densitometry for pharmaceutical
products containing the diabetes medication metformin HCI (CAS No. 1115-
70-4) and antibiotic potassium clavulanate (CAS No. 61177-45-5), as well as
to develop HPTLC-densitometry methods for the products containing the
stimulant caffeine (CAS No. 58-08-2), the nerve pain and anticonvulsant
medication gabapentin (CAS No. 60142-96-3), and the antidepressant
fluoxetine HCI (CAS No. 56296-78-7) for which there are no Minilab or
Compendium methods published.

RESULTS
Results of the method development for the five pharmaceutical
products are displayed in Table 1 for the assay of the three tablets and in

Table 2 for the validation analyses. The optimal regression mode for assays and
validation of each was chosen based on the best calibration curve r-values,
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assay values closer to the label value, accuracy of the standard addition
validation, and lower relative standard deviations (RSDs) for the replicated
analyses. Calibration curve r-values in our assay and validation experiments
were at least 0.99; all validation analysis recoveries at 50, 100, and 150%
spike levels were within +/- 5%; and peak purity and identity r-values were
0.99 consistent with the model process requirements. All assays were within
85-115% specification limits of the label value as specified by the U.S.
Pharmacopeia (USP) for individual dosage form analysis except for the one
high assay result of the potassium clavulanate tablets. RSDs for triplicate
assays and validation analyses were within the required 3% except for the
100% spike level for gabapentin.

Table 1. Assay results for pharmaceutical products containing caffeine, fluoxetine
HCI, gabapentin, metformin HCI, potassium clavulanate respectively

Tablet 1 Tablet 2 Tablet 3
Pharmaceutical | Regression | Assay | RSD | Assay | RSD | Assay | RSD
product mode (%) (%) (%) (%) (%) (%)
Caffeine Polynomial | 106 | 0.502 | 113 1.39 106 | 0.181
Fluoxetine HCI Linear 101 1.93 932 | 0832 | 97.0 1.13

Gabapentin Polynomial | 89.8 1.98 93,5 | 0.733 | 955 2.20
Metformin HCI Linear 100 | 0.484 106 1.40 105 | 0.547

Potassium
clavulanate

Linear 101 1.74 117 | 0.914 114 | 0.751

Table 2. Validation results for pharmaceutical products containing caffeine, fluoxetine
HCI, gabapentin, metformin HCI, potassium clavulanate respectively

50% spike 100% spike 150% spike
Pharmaceutical Rec.? RSD Rec. RSD Rec. RSD
product (%) (%) (%) (%) (%) (%)
Caffeine 104 1.13 102 2.33 104 2.28
Fluoxetine HCI 100 0.700 101 0.758 96.6 2.76
Gabapentin 104 1.86 103 7.42 101 1.68
Metformin HCI 105 1.88 105 0.0777 105 0.452
Potassium 103 1.81 100 0.183 97.5 2.90
clavulanate

aRec.=Recovery
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DISCUSSION

A direct transfer of Minilab TLC methods to HPTLC-densitometry
according to the earlier published process involves use of the same solvents
in preparing the sample and standard solutions, application of the same weight
of sample and standard in 10.00 uL as in 2.00 pL, and use of the same mobile
phase and detection method.

The metformin HCI Minilab method for a 250 mg tablet (Volume I,
Supplement 2014, Method 6.78, pp. 24-27) could not be transferred directly. The
Minilab method involves preparation of stock standard and sample solutions in
water followed by dilution with methanol to prepare the 100% standard and
sample solutions. The drug was found to precipitate out upon dilution with
methanol; therefore dilution was made with water instead. The Minilab mobile
phase, methanol-water-glacial acetic acid (15:5:1) did not give tight bands nor
symmetrical scan peaks, so the mobile phase methanol-water-1% (w/v)
ammonium chloride reported in the literature [13] was adopted. After testing
many mobile phases, none without ammonium chloride as a component
gave good results, so it was decided that use of this non-hazardous salt was
acceptable. When applying sample and standard weights specified in the
Minilab unusually high scan areas (>10,000) were obtained, but calibration,
assay, and validation results were within the model process requirements.

The potassium clavulanate-amoxicillin coformulations Minilab method
for a product containing 62.5 mg of clavulanic acid (Volume Il, Supplement
2013, Method 6.69, pp.20-23) was directly transferred for our product with a
label value of 57 mg of clavulanic acid, equivalent to 67.9 mg of potassium
clavulanate except for the detection method. Bands were detected by heating
the plate after development at 160°C for 5 min to produce fluorescence
guenching bands visible under 254 nm ultraviolet (UV) light rather than using
iodine vapor. This reagentless thermochemical activation method involving
simple heating of silica gel layers was first reported by our laboratory and has
been applied to a variety of drugs and dietary supplements [11]. Assay recovery
for one of the three tablets was slightly above the model procedure upper
limit of 115%, but the standard addition validation (Table 2) and peak identity
and peak purity results meeting requirements indicated the assay was reliable.
It was necessary to carefully adjust the integration limits when scanning bands
of potassium clavulanate at 254 nm so that streaked amoxicillin bands did
not interfere (Figure 1). Potassium clavulanate was also visible as fluorescent
bands after heating, but interference of the amoxicillin bands when they were
scanned at 366 nm was greater than at 254 nm. The reason for the two high
assay results, one greater than the 115% model process limit, is not known,
but the good validation results indicate that the assays are accurate and that

12
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the product, which was obtained without a prescription from a shop in China,
contains tablets with variable active ingredient amounts. A simultaneous method
for assay of the coformulation could not be developed after unsuccessfully
testing many different solvents to extract both potassium clavulanate amoxicillin
completely from the sample and standard and mobile phases to separate the
two compounds without streaked amoxicillin bands. In addition, after weeks of
considerable research we have been unable to successfully use any published
HPTLC-densitometry method for determination of amoxicillin, or the similar drug
ampicillin, in any pharmaceutical product alone or in a coformulation, or to
develop and validate a new method.

AU
500

450
400
350 -
300 -
250 -|
Potassium Flavulanate
200 - f

150 [

100 [
l

50

0
0.00 0.20 0.40 0.60 0.80 1.00 Rf

Figure 1. Densitogram of 10.0 uL of potassium clavulanate 100% sample solution,
representing 3.31 ug of potassium clavulanate when interpolated from the
calibration curve based on its area.

The model transfer process has also been used earlier as the basis
of development of HPTLC-densitometry methods for drug products covered
neither in the Minilab manual nor the Compendium, e.g., naproxen sodium,
loperamide HCI, and loratidine [14]. In this paper, methods were similarly
developed for caffeine, fluoxetine HCI, and gabapentin. Based on the
development of these methods, corresponding TLC screening methods were
devised, tested, and published in an open access online supplement to the
FDA Compendium [15], from which they could be easily transferred to Minilab

13
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TLC screening methods, if desired, by taking into account the 2.00 pL rather than
3.00 pL spotting volumes and the usual use of an authentic drug product rather
than a commercial standard to prepare the standard solutions for Minilab methods.

The caffeine method for a 200 mg tablet was a direct adaptation of a
previously published method [16] that used methanol solvent for standard
and sample solution preparation, a similar calibration curve weight range, silica gel
HPTLC plates, ethyl acetate-methanol (85:15) mobile phase, and fluorescence
quenching detection. The fluoxetine HCI method for a 20 mg capsule was
directly adapted from a published method for alprazolam and fluoxetine HCI
in a tablet formulation [17] with use of methanol solvent for standard and sample
solution preparation, acetone-toluene-ammonium hydroxide (6.0:3.5:0.5) mobile
phase, and fluorescence quenching detection, but the calibration curve was
prepared with weight range about four times greater in order to achieve
successful band detection and scanning.

The gabapentin method for an 800 mg tablet was directly transferred
from a published method for 200 mg capsules [18] in terms of the use of
methanol for standard and sample solution preparation, the same weight
range for the calibration curve, and the use of ninhydrin spray reagent for
band detection. However, the mobile phase n-butanol-water acetic acid
(3:3:2) [18] was modified by replacing n-butanol with ethanol, which are in
the same selectivity group and have a similar solvent strength in Snyder’s
liquid chromatography solvent classification list [19], because n-butanol is
not one of the allowed solvents for Minilab or Compendium methods. Unlike
potassium clavulanate, heating the plate after development did not produce
fluorescence quenching zones to eliminate for the need of a detection
reagent, the use of which usually leads to poorer accuracy and precision
data in method development.

Depending on the applications of the methods described in this paper,
they should be fully validated for parameters such as accuracy, precision
(repeatability and intermediate precision), specificity, linearity, range and
robustness under relevant guidelines such as those described by the
International Conference on Harmonization [20] or subjected to an interlaboratory
study [21] to prove that they are suitable for their intended purpose by users.

CONCLUSIONS
HPTLC-densitometry methods were developed and validated for

assay of pharmaceutical formulations of two drugs by transfer of TLC screening
methods contained in the Minilab manual, and for formulations of three drugs

14
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not included in the Minilab manual or FDA Compendium. Supplemental
Compendium methods that can be easily converted to Minilab methods if
desired were devised for these latter drugs and posted on an open access
internet site.

EXPERIMENTAL

Standard and sample solution preparation

General preparation procedures were carried out as described earlier
[1-3] unless otherwise specified. All standards and ground (by mortar and
pestle) tablets or capsule contents were dissolved with the aid of 10 min
each of magnetic stirring and sonication before syringe filtration to remove
undissolved excipients prior to further dilution or direct application. Dilutions
were made using appropriate volumetric flasks and transfer and measuring
pipets. Solutions were stored in sealed vials wrapped in parafilm in a refrigerator.
A description of standards and samples and their sources as well as detailed
procedures for stock and 100% working standard and sample solution preparation
are shown in Table 3.

Table 3. Preparation of 100% standard and 100% sample solutions

Pharmaceutical

product 100% standard solution

100% sample solution

0.400 ug/ 10.0 pL: dissolve
40.0 mg standard (Sigma-
Aldrich, St. Louis, MO,
Catalog No. C0750) in 100 mL
methanol, then dilute 1.00 mL
with 9.00 mL methanol

0.400 pg/ 10.0 pL=:
dissolve a tablet in
100 mL methanol, then
dilute 1.00 mL with
49.0 mL methanol

Caffeine (200 mg; CVS
Pharmacy, Inc., USA)

4.01 pg/ 10.0 pL: dissolve

80.1 mg standard (Sigma-

Aldrich, No. PHR1394) in
200 mL methanol

Fluoxetine HCI
(20 mg; Aurobindo
Pharma, USA Inc.)

4.00 pg/ 10.0 pL:
dissolve a capsule in
50.0 mL methanol

Gabapentin
(800 mg; Glenmark
Pharmaceuticals Inc.,
USA)

1.60 ug/ 10.0 yL: dissolve
100 mg standard (Sigma-
Aldrich, No. PHR1049) in
100 mL methanol, then dissolve
16.0 mL in 84.0 mL methanol

1.60 pg/ 10.0 uL:
dissolve a tablet in
100 mL methanol, then
dissolve 1.00 mL with
49.0 mL methanol

15
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Pharmaceutical 100% standard solution 100% sample solution
product
Metformin HCI 8.00 pg/ 10.0 yL: dissolve 8.00 pg/ 10.0 pL:
(250 mg; Shanghai 40.0 mg standard dissolve a tablet with
Xinyi Tianping (Sigma-Aldrich, No. 25.0 mL deionized water,
Pharmaceutical Co., PHR1084) in 50.0 mL then dilute 2.00 mL with
Ltd, Shanghai, China) deionized water 23.0 mL deionized water
Potassium clavulanate 2.72 ug/ 10.0 uL: dissolve 2.72 ug/ 10.0 uL:
(67.9 mgP; Guangzhou 34.0 mg standard (Sigma- dissolve a tablet in
Baiyunshuan Aldrich, No. 33454) in 50.0 mL deionized
Pharmaceutical 25.0 mL deionized water, water, then dilute
Holdings Co., Ltd, then dilute 1.00 mL with 1.00 mL with 4.00 mL
China) 4.00 mL deionized water deionized water

@ Concentrations indicated for 100% sample solutions are theoretical concentrations.

® The potassium clavulanate sample was a tablet of 57 mg clavulanic acid (or 67.9 mg
potassium clavulanate, when adjusted for molecular weight factor) with 400 mg amoxicillin
as the other active ingredient.

HPTLC

Detailed HPTLC-densitometry methods and instruments were described
earlier [1-3, 6-12]. Silica gel 60 Fas4 Premium Purity HPTLC glass plates (20 x10
cm; EMD Millipore Corp., Billerica, MA, a division of Merck KGaA, Darmstadt,
Germany; Part No. 1.05648.0001) were used as received. Application of
7.00, 9.00, 11.0, and 13.0 L aliquots of the 100% standard solution of each
drug [representing 70-130% of the active pharmaceutical ingredient (API)
content based on label value] and triplicate 10.0 uL aliquots of 100% sample
solution were applied using a CAMAG (Wilmington, NC, USA) Linomat 4 spray
on applicator [band length 6 mm, application rate 4 sec/uL (15 sec/uL for
solutions containing water), table speed 10 mm/s, distance between bands
4 mm, distance from the left edge of the plate 17 mm, and distance from the
bottom of the plate 1 cm). HPTLC-densitometry in the absorption-reflectance
mode was performed using a CAMAG Scanner 3 (4.00 x 0.45 mm Micro
slit dimensions, 20 mm/s scan rate). The mobile phases used for the five
pharmaceutical products and drug Rr values are shown in Table 4. The
fluorescence-quenching bands were scanned with 254 nm UV light, and the
colored bands of gabapentin were scanned with 510 nm light. The Scanner 3
winCATS software automatically created calibration curves (linear or 2™ order
polynomial) based on scan areas versus standard weights applied, interpolated

16
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weights of drugs in bracketed samples based on scan areas, and tested peak
purity and identity of the sample based on spectral comparison. Accuracy of
the developed methods was validated by using standard addition with a 70-
130% calibration curve as described earlier [3].

Table 4. Mobile phases selected in our methods for pharmaceutical products
containing caffeine, fluoxetine HCI, gabapentin, metformin HCI, potassium
clavulanate respectively

Pharmaceutical . a R¢
product Mobile phase
Caffeine Ethyl acetate-methanol (85:15) 0.36
Fluoxetine HCI Acetone-toluene-ammonia (6:3.5:0.5) 0.62
; Ethanol-deionized water-glacial acetic acid 0.75
Gabapentin (3:3:2)
: Methanol-water-1% ammonium chloride solution | 0.25
Metformin HCI (5:4:1)
Potassium clavulanate | Ethyl acetate-glacial acetic acid-water (15:5:5) | 0.43

2 All solutions are shown in volume proportions
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ABSTRACT. Principal component analysis (PCA) and cluster analysis (CA)
were applied to classify 20 natural amino acids. We selected 18 characteristics,
properties available from literature, as a basis for the classification. The correlations
between these characteristics and their classification were investigated, as well as
the classification of the amino acids. The results are presented as score plots of the
first 3 principal components and as dendrograms obtained by clustering analysis.
The resulting classification is consistent with the chemical behavior of amino acids
and their mutual substitution possibilities in peptides and proteins.

Keywords: principal component analysis, cluster analysis, amino acids,
thermodynamic characteristics, structural characteristics

INTRODUCTION

Amino acids, as building blocks for peptides and proteins were intensively
studied and their importance in human nutrition and in animal feed, in food
industry, pharmaceutical and cosmetics industries, as chelating agents, etc.
The standard 20 amino acids, implied in the formation of peptides and proteins
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(proteinogenic amino acids) are enumerated here, together with their 3-letter
and 1-letter symbols: glycine (Gly, G); alanine (Ala, A); phenylalanine (Phe, F);
valine (Val, V); leucine (Leu, L); isoleucine (lle, 1); aspartic acid (Asp, D); glutamic
acid (Glu, Q); asparagine (Asn, N); glutamine (GIn, E); serine (Ser, S); threonine
(Thr, T); tyrosine (Tyr, Y); cysteine (Cys. C); methionine (Met, M); lysine (Lys, K);
arginine (Arg, R); proline (Pro, P); histidine (His, H); tryptophan (Trp, W).

There are many possibilities to classify amino acids, according to
the criteria selected to this aim. Based on their chemical structure [1] we can
distinguish monoamino carboxylic acids (Gly, Ala, Val, Leu, lle, Phe), monoamino
dicarboxylic acids and their amides (Asp, Asn, Glu, GIn), hydroxyl amino acids
(Ser, Thr, Tyr), thioamino acids (Cys, Met), diamino carboxylic acids and
derivatives (Lys, Arg), heterocyclic amino acids (Pro, His, Trp). A classification
based on structure and physical and chemical properties [2] groups the amino
acids in: acidic (Asp, Glu), basic (Lys, Arg, His), aromatic (Tyr, Trp, Phe), S
containing (Cys, Met), uncharged, hydrophilic (Ser, Thr, Asn, GIn), inactive
hydrophobic (Gly, Ala, Val, Leu, lle), special structure (Pro). The same amino
acid can be assigned to more different classification groups based on the
property considered [3]: polar / hydrophilic (Asn, GIn, Ser, Thr, Lys, Arg, His,
Asp, Glu, [Cys, Tyr]); non polar / hydrophobic ([Gly], Ala, Val, Leu, lle, Pro,
Tyr, Phe, Trp, Met, Cys); forming hydrogen bond (Cys, Trp, Asp, GIn, Ser, Thr,
Tyr, Lys, Arg, His, Asp, Glu); S containing (Cys, Met); negatively charged at
neutral pH / acidic (Asp, Glu [Cys]; positively charged at neutral pH / basic
(Lys, Arg, [His]; ionisable (Asp, Glu, His, Cys, Tyr, Lys, Arg); aromatic (Phe, Trp,
Tyr, [His]; aliphatic (Gly, Ala, Val, Leu, lle, Pro); forming covalent cross-bonding
(S-S) (Cys); cyclic (Pro).

In view of the overlapping between the different classes, a Venn diagram
showing the classification is helpful (Fig. 1) [4-6] This tries to group the amino
acids according to their nature (aliphatic, aromatic), to the size of the molecules
(small, tiny), to the hydrophobicity and in relation to their polarity (polar, charged -
positive or negative).

Since the role of amino acids in the formation of proteins is of prime
importance, a classification was proposed according to the interchangeability
of different amino acids in the structure of a protein, without interfering with
this structure [7]. The diagram in Figure 2 is a graphical representation of this
substitutability. Amino acids connected in the diagram can be replaced with
95 % -probability. Marked with red are the solvent-exposed amino acids, with
green — those located inside the protein molecule, according to their solvent
exposed area (SEA)
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NS

atip)
. W

non-polar

positive

charged polar

Figure 1. Venn diagram grouping the amino acids according
to their properties (adapted from [4,5])

Figure 2. Possible substitutions of amino acids (according to [7]);

amino acids bounded by lines have a substitution probability of 95%.

Red: solvent exposed area (SEA) > 30 A?; green: SEA < 10 A?).
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Here we propose a multivariate data analysis [8-14] of the amino acids,
by principal components analysis (PCA) and cluster analysis (CA). PCA helps to
reduce the number of variables necessary to describe a system, by maintaining
the maximum possible information. Using the new variables as coordinates,
“similarity maps” can be drawn for the analyzed system. In CA the (dis)similarity
between elements is measured as “distances” between points in the space
defined by the variables. The elements are then grouped in classes (clusters)
by different clustering methods.

THEORETICAL METHODS

The objects of the classification were the 20 proteinogenic amino acids,
enumerated above. As variables (descriptors, characteristics) 18 properties were
chosen, as follows:

¢ Molar mass (MM)

o Acid dissociation constants pK = -Ig K, [3, 15, 16], corresponding to
the first dissociation step (carboxylic group). pKs and the second
dissociation (ammonium group), pKz. Only seven amino acids present
also a third dissociation constant, pKs, due to a supplementary group
(side chain), which was not considered in the PCA, but used in the
calculation of the isoelectric point.

o Isoelectric point (pl), the pH where the molecules have no net electrical
charge (zwitterions), and present a minimum solubility in water. The
value can be calculated as the mean of the pK values corresponding to
the equilibria which include the uncharged species.

Some descriptors for the elementary composition of the molecules
were used:

e Number of carbon atoms (NC), a measure of the length of the carbon
chain, and so related to the hydrophobicity of the molecule
Number of hydrogen atoms (NH)

¢ Number of nitrogen atoms (NN), a measure of the number of basic
functions

¢ Number of oxygen atoms (NO), a measure of the number of acid
groups

o Number of sulphur atoms (NS)

Chou-Fasman Parameters for predicting the secondary structures in
proteins [17, 18]
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e P(a) — the probability for helix conformations (PA);
o P(B) — the probability for B-strands conformations (PB);
e P(t) — the probability for turns (PT)

Thermodynamic data

¢ Standard enthalpy of formation, Hzes® (HF) [19]. For 4 amino acids
(Phe, Trp, GIn, Arg) no values were found. Therefore, we calculated theoretical
values for all aminoacids (except Cys and Met to avoid the complications related
to the parametrization for S atoms), on the restricted Hartree-Fock level, by the
semi empirical SCF-MO method PM3 [20], using the Hyper Chem 7.5 Software
[21]. The molecular geometries for the zwitterionic forms were optimized by the
Polak-Ribiere (conjugate gradient) algorithm. Between experimental (exp) and
calculated (calc) values the following linear correlation was found:

AHase®(exp) [kJ/mol] = (-264 £ 27) + (1.10 + 0.07) AHaee(calc), r = 0.979, n= 14

This correlation was used to estimate the Hgs® values for the 4 amino
acids, where experimental values were not available.

e Standard state accessibility (AS), is defined as the average
surface area of the residue X in a tripeptide Gly-X-Gly [22, 23].

o Average accessible surface area in proteins (AA)
o Solubility in water (SO) at 25 °C [15, 24]

e Hydrophobicity index (HP) [3, 25]. There are many different
hydrophobicity scales, 46 scales were evaluated [26] and a PCA analysis
was made on 40 scales [27]. One of the most used is the KD-scale [28], whose
values very similar values with those used here. High positive values denote a
strong hydrophobicity, while hydrophilic amino acids present negative values.
In proteins, hydrophobic amino acids will be more probably located inside, while
hydrophilic ones will be rather in contact with the aqueous environment.

¢ Melting points (MP) [29] for amino acids are quite high, an evidence for
their zwitterionic character. They are a measure for the intermolecular interactions
in solid state and for their stability. Some amino acids are decomposed before
melting, for them we used the decomposition temperature.

The values used for the 20 amino acids are given in Table 1.
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Table 1. Properties of the amino acids (the symbols are given in text)

Awim- | M | pEl | pE2 | K5 | Pl |+ |oH [oH |00 | 16 | Fe) | E) | P(O | 4H-. | 45 | 44 [50(z/| HP | MP
arid | (ghmel) (Wimal)| (£ | dY | 1002 ')
GLY,G | 7507 | 221 | 915 568 | 2 | 5 |1 ] 2| 057 | 7 |1%|-5275 | 881 | 252 | 249 | 067 | 255
ALLA | 8009 | 235 | 9a7 611 |3 | 7 [1] 2 |0 142 & | & | =0 |18l [315] 166 | 1 |29
PHEF | 16519 | 258 | 924 591 | 9 |LL|1] 2| 0|15 |15 | 60 | 440 | 2228 | 267 | 2965 | 2.5 | 263
LEU.L | 15117 | 236 | 94 604 | 6 | 15[ 1] 2 | 0 [121 | 150 | % |#48% | 1931 | 2@ |24% | 22 |2
ILE] | 13117 | 232 | 976 594 | 6 | 13| 1] 2 | 0| 108 | 160 | 47 | €406 | 181 | 25 |4.117 | 31 | 284
VALY | 11715 | 23 | 98 596 | 5 | 11| 1] 2| 0106|170 | 30 | €289 | 1645 | 23.5 | 883 | 23 | 315
SERS | 10509 | 221 | 915 SB8 |3 | 7|1 ]3| 0] 77 | 5 | 143 | 7327 | 1298 | 442 | 505 |11 | 28
THE,T | 119.12 | 215 | 912 SR (4 | 913 |08 |10 % |73 1525 ] 46 | 97 |05 2%
TREW | 20822 | 238 | 939 580 | 11|12 |2 ] 2 | 0| 108|137 | % | =0 | 2663 |417 | 11% | 1.5 | 2@
FROP | 1503 | 199 | 106 63 | 5 | 9 | 1| 21057 [ % |15 5070|1868 | 537 1623 |08 | 221
ASPD | 131 | 188 | 96 | 363 277 | & | 7 |1 | 4 | 0 [101| & | 146 | 9733 | 1587 608 |07% | 3 |2M
LSHN | 13212 | 202 | 88 541 |4 | B |2 ]3| 0| 67 | @ | 1% | -7 | 1855 | 622 | 3.5 | -27 | 2
GLUE | 14713 | 219 | 967 | 425 322 | 5 | 8 |1 | 4 | 0 [151] 37 | 7 | -1003 | 1862 | 723 | D&64 | -25 | 2%
GLN,Q | 14615 | 217 | 513 565 | 5 | 102 ]3| 0|11 |10 % | -7/0 | 1932 | | 25 |-29 | 18
TUE,T | 18119 | 22 | 1L |10007| 566 | # |11 |1 | 3 | 0| 6% | 147 | 114 | €856 | 2368 | 59.1 | 00453 | 0.0 | 342
CYS,C | 12116 | 171 | 833 |1078) 502 | 3 | 7 |1 2 | 1 | 70 | 119 | 119 | 5341 | 1461 | 13.9 | 001 | 017 | 260
METM | 14921 | 228 | 52l 574 | 5 |LL| 1] 2 | 1| 145 | 105 | &0 | 5775 | 2034 | 30.5 | 3581 | 1.1 | 281
ARGE| 172 | 218 | 909 | 132 |1105] 6 |14 4] 2 | 0| 9 | & | & | 50 | 56 |938] 15 |75 |24
LYSE | 14619 | 22 | 92 |1028] 959 | 6 |14 |2 2 | 0 |114| 7 | 101 | 6787 | 2258 |1l03| 150 | 46 |28
HISH | 15516 | 178 | 897 | 597| 747 | 6 | 9 | 3| 2 | 0 | 100 | 87 | 5 | 4418 | 2025 | 967 | 419 |-17 | 287

All calculations were executed using the Statistica software package
on the data matrix (20 objects, 18 variables). After the scaling of variables (to
a mean of 0 and a variance of 1), PCA and CA procedures were applied,
both for the classification of properties and of amino acids.

RESULTS AND DISCUSSION

Table 2. Table of correlations for the properties of the amino acids (significant
correlations at P = 0.95 are bolded)

Wi P | PKZ | PI NG |NH NN [MNO |NS |PA [PB |PT |HF | AS [AA |50 [HP |MP
MW 100 |015] -018|0.23 [ 0.88 |0.65 |047 |003 |-0.02)0.23 | 029 [-024 017 | 096 | 0.37 |-023 |-0.20 | 0.26
P i1 1.00 | 0.30 | 012 | 0.43 [0.44 |-021 |-024 |-029 044 | 041 [-057 | 019 | 026 |-0.13)-038|042 | 0.25
PK2 100 | -012) 007 ja.11 [-031|-002 |-0.41)023 |-0.18(-016)-0.04|-0.14|-0.02 |-008|0.24 |0.07
Pl 1.00 | 0.20 |0.58 [0.73 | -0.61 |-013 |-0.05) 010 |-013 | 047 | 043 | 0.44 [0.20 |-042 |-013
WE 1.00 |0.67 | 022 |-01% |-0.21 018 |0.48 |-034 038 | 087 | 013 |-024 [ 017 044
NH 1.00 | 038 |-036 |-011 |0.37 | 046 |-058 | 019 | 081 | 0.34 |-004)-007 021
W 1.00 [-019 [-019 [-0.01]-011[0.06 [0.23 [ 053 | 0.57 [-011 |-0.69 [-0.23
W 1.00 |-0.22 003 |-042)0.32 |-0.88|-0.11) 035 |-017 |-037 |-0.19
NS 1.00 |008 {008 [-009)0.18 |-0.05]-0.36|026 | 016 |0.06
PA 1.00 |-0.00 |-0.77 [-014) 031 | 0.06 |-034 | 007 |0.22
PB 1.00 |-055 039 [ 033 )-0.47 [-014 059 |0.58
PT 1.00 [-096]-0.36 | 0.24 [0.23 | -0.40 | -0.49
HF 1.00 | 021 ) -0.39 [0.06 | 039 | 035
AS 1.00 | 0.43 |-018 |-022 [0.25
AR 1.00 | 0.14 |-0.87 |-046
ga 1.00 | -0.46 |-0.32
HF 1.00 | 0.55
WP 1.00
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The covariance matrix, identical with the correlation matrix, since data
were normalized, is given in Table 2. It confirms that the properties are
correlated, and the number of variables can be reduced by PCA.

The eigenvalues (EV) and eigenvectors corresponding to each principal
component were calculated. In Table 3, the EV for the first 6 principal
components (PC) are given, together with the loadings of the characteristics
associated with each PC. The contribution of each PC is given as % from
the total variance of the system. The first three PC cumulate about 66% from
the total variance, and the first 6 PC over 88%. In Table 3, the values

representing the maximum contribution of each property to a PC are bolded.

Table 3. Eigenvectors and eigenvalues (EV) for the first 6 principal components
(PC). The maximum contribution (loading) of each variable is bolded

Variable PCA1 PC2 PC3 PC4 PC5 PC6
MM 0.732772 | -0.418786 | 0.149100 | -0.437709 | -0.119962 | -0.106764
PK1 0.580684 | 0.323887 | 0.318470 | 0.405112 | -0.049469 | 0.050468
PK2 0.036689 | -0.222711 | 0.402239 | 0.660723 | -0.184703 | -0.279568
Pl 0.455128 | -0.524516 (-0.519732 | 0.409233 | -0.084511 | 0.101819
NC 0.843749 | -0.107567 | 0.132647 | -0.205899 | -0.346962 | -0.207651
NH 0.845821 | -0.278541 | 0.043770 | 0.149541 | 0.143806 | -0.252191
NN 0.321116 | -0.779242 (-0.270120 | 0.029570 | -0.005560 | 0.398847
NO 0.475639 | -0.251914 | 0.735451 | -0.363289 | -0.075591 | -0.074636
NS -0.068992| 0.249191 |-0.407097 | -0.479635 | 0.619484 | -0.087982
PA 0.422426 | 0.097598 | 0.532400 | 0.150091 | 0.639621 | 0.150662
PB 0.646027 | 0.455109 |-0.196461 | -0.224951 | -0.123477 | -0.057888
PT -0.693531| -0.356646 |-0.225276 | -0.146697 | -0.485925 | -0.042470
HF 0.486677 | 0.233157 |-0.707765 | 0.147943 | -0.189069 | 0.132121
AS 0.830771 | -0.454054 | 0.100198 | -0.257977 | -0.016263 | -0.116410
AA 0.018882 | -0.924642 | 0.237951 0.140003 | 0.039411 | -0.155298
SO -0.287173| -0.147992 |-0.506858 | 0.090974 | 0.219967 | -0.713778
HP 0.225330 | 0.942794 |-0.044783 | -0.001836 | -0.142445 | -0.093475
MP 0.514421 | 0.518994 | 0.105280 | -0.285245 | -0.121981 | 0.053338
EV 5.246110 | 4.066386 | 2.565046 | 1.679726 | 1.370267 | 0.985620

% total | 29.14506 | 22.59103 | 14.25025 9.33181 7.61260 5.47567

variance

Cumu-

lated (%) | 29.1451 51.7361 | 65.9863 75.3182 82.9308 88.4064
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Classification of properties

Some characteristics with the largest contribution in PC1 are the
number of H and C atoms, the AS surface and the molar mass, which are
strongly correlated as shown in Table 2. Altogether there are 7 properties
with maximum contribution in PC1. In PC2 there are 5 such properties, the
most important being hydrophobicity (HP) and accessible surface area (AA),
also strongly correlated (negatively). The other PC, 3 to 6, contain each only
one or two properties with large contributions. In PC3 there are the number
of O atoms (NO) and the enthalpy of formation (HF), also strongly correlated
(Table 2): amino acids with more O atoms have actually lower Hgzgs® values,
with Asp and Glu the most stable (Table 1).

Such correlations can be visualized by 2- or 3-D loading plots; as an
example, the scatter plot for the first two PC is given in Figure 2. Here related
properties are represented by nearby points. But negatively correlated properties
appear quite far from one another.

15
1 +*
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0s MP
' *0E
] M
E ¢ | " i
*
. P&, —
NO . +
PT + S0 hM +NH
a5 R +AS
MM FI
*
4 LYY
1508 0E 0.4 0.2 0 02 0.4 05 0.8
. . , . peq v . . .

Figure 3. PCA loading plot for the two first principal components. The symbols of
the characteristics correspond to those in Tables 1-3.

The results of cluster analysis can be presented as dendrograms,

grouping the different properties in clusters. In Figure 4 is given such a diagram,
obtained by the Complete Linkage method, using Euclidean distances
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Classification of amino acids

In order to apply PCA for the classification of amino acids, we use the
scores of each amino acid calculated for the first (more important) PCs. Here the
first 3 PCs cumulate 66% of the total variance of data. Therefore, by reducing
the number of 18 characteristics (natural variables) to 3 variables (the first 3 PCs)
we retain enough information to characterize the system in 2D-representations
(in the planes defined by PC1 and PC2, PC1 and PC3 or PC2and PC3) an
3D- representation (in the space of PC1, PC2 and PC3). As an example, in
Figure 5 the representation in the PC1-PC2 plane is given. Some groupings
of amino acids are highlighted in the figure.

Tree Diagram for 18 Variables
Complete Linkage
Euclidean distances

Linkage Distance
D

HF HP PK2  PK1 NS NO NN NH AS
MP PB PA SO PT AA PI NC MM

Figure 4. Dendrogram for hierarchical clustering for 18 properties

The similarities between amino acids can also be followed on the
dendrogram (Figure 6) obtained in CA, using the same Complete Linkage
method, with Euclidean distances, as for the properties.
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Figure 5. PCA score plots for the 20 amino acids in the plane of the two first
principal components. 1-letter symbols are used for the amino acids.

Tree Diagram for 20 Cases
Complete Linkage
Euclidean distances

Linkage Distance

[ I T 2 A =7 B R = = Y ¢ v R mn

Figure 6. Dendrogram for hierarchical clustering by complete linkage method for
20 amino acids. 1-letter symbols are used for the amino acids (see Introduction)
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The strongest related amino acids according to CA are leucine (L) and
isoleucine (1), isomers with very similar properties. In the dendrogram they are
joined by valine (V), methionine (M), and alanine (A). They all are aliphatic
hydrophobic amino acids. Another cluster, more loosely connected, contains
phenylalanine (F), tryptophan (W), tyrosine (Y), and histidine (H) - all aromatic
amino acids, mostly hydrophobic, but also partially hydrophilic, particularly H.
These two clusters are then connected (Fig. 6), giving a cluster of mostly
hydrophobic amino acids.

Lysine (K) and arginine (R) form a cluster of basic amino acids, positively
charged in proteins at physiological pH, histidine, also basic, is near to them in
Fig. 5. The two acidic amino acids, negatively charged in proteins: aspartic
acid (D), and glutamic acid (E), are also united in a cluster (Fig. 6). Asparagine
(N) and serine (S) give a cluster with glutamine (Q), and threonin (T): they are
neutral in proteins, but contain polar groups and show hydrophilic properties.
Quite loosely interconnected are glycine (G), proline (P), and cysteine (C) — small
molecules, rather dissimilar to other amino acids

It is worth noting that though the characteristics used in classification
were mostly of physical and stoichiometrical nature, the resulted classification
follows quite well the chemical properties and the character of amino acids. It
is also interesting to compare the clustering results with the possibilities of mutual
interchange of amino acids in proteins [7] (Fig. 2). We find there the same
group L, I, M, V as in CA, as well the group F, Y, W, or the group K, R. The other
possibilities of substitution in Fig.2 are also quite well reflected in PCA and
CA.

CONCLUSIONS

The use of the methods of multivariate analysis applied for the
standard 20 proteinogenic amino acids, based on literature data for 18
structural and physico-chemical characteristics, resulted in a classification
able to predict the chemical behavior of these compounds. It demonstrates
the possibilities of principal component analysis and cluster analysis in the
description of different classes of chemical compounds.
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PROPERTY-PROPERTY RELATIONSHIPS FOR
MONOSACCHARIDES

LORENTZ JANTSCHI?

ABSTRACT. The enormous diversity and complexity of polysaccharides
resides in the large number of anomeric positions, diversity in the size of
the rings as well as of the large number of the linkage positions of the
monosaccharides. By taking this fact into account, in order to provide useful
knowledge for insight on polysaccharides, a more comprehensive study
of the polymer units, the monosaccharides, is required. A study for relating
experimentally measured properties - melting points and solubilities with other
properties accessible by calculations was conducted for monosaccharides
from trioses to hexoses.

Keywords: Monosaccharides; Property-property relationships; Melting points;
Solubilities

INTRODUCTION

Carbohydrates are structural components of cell walls in plant and
algae (cellulose [']), of DNA - deoxyribonucleic acid (deoxyribose [2]) or RNA -
ribonucleic acid (ribose [2]), or of tissues (lyxose [?]). Sugars are short chain
carbohydrates, their molecule consisting of carbon (C), hydrogen (H) and
oxygen (O) atoms with the general formula Cn(H20), where 2 < m (and
usually 3<m=<7)and n <m (and usually n =m orn=m-1).
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The simplest carbohydrate is the monosaccharide with general formula
(CH20),, where n ranges from 2 (diose, H-(C=0)-(CH2)-OH) to usually 7 (n = 3
for trioses, n = 4 for tetroses, n = 5 for pentoses, n = 6 for hexoses and n =7
for heptoses). There are 23 monosaccharides (see Table 1) from trioses (n = 3)
to hexoses (n = 6). The monosaccharides with lower number of atoms (e.g.
n =3 and n = 4) may cyclize by dimerization leading to cyclic monosaccharides
with n =6 and n = 8, respectively as the monosaccharides can join together to
form disaccharides. A disaccharide is formed whenever two monosaccharides
(identical or not) joined. Since two identical monosaccharides can form up to
eleven different disaccharides [*], and the number increases even more abruptly
when different monosaccharides are connected (in [°] were counted 720
trisaccharides, 34560 tetrasaccharides and 2144640 pentasaccharides) the
consequence is an enormous diversity and complexity in carbohydrate structure
and chemistry.

Table 1. Monosaccharides from trioses to hexoses in open-chain (acyclic) form

n=|Formula Aldoses Ketoses
3 |C3HeO3 O P N P
0:>—/ (6]
D-glyceraldehyde D-dihydroxyacetone
4 |C4HsO4 Q F o0 f &% P
/ \
O:>_\—O 0:>—<—0 O—>—<—O
D-erythose D-threose D-erythrulose
5 C5H1005 (0] O [0} O [0} ;O Oi O (0] [¢] (0] O
0= o OJ—§ “““ 0 | o=~ 0 | 0= o|o o 0)—§0
0] [e] [e] o o] o
D-ribose |D-arabinose| D-xylose | D-lyxose |D-xylulose | D-ribulose
6 |CsH1206 o 0 o [¢) O; ¢ o :0 o 0 o o)
0= [¢] OJ/:§ “““ O | 0= O | 0=~ OO 0] O—>/:§«O
o VO o [¢] (0] o (0] (0] [¢] (¢] (6] ::O
D-talose D-gulose | D-altrose | D-glucose | D-psicose | D-tagatose
o o) 0 [o) o 0 o ¢} 0 o} 0 [4)
7 F \ N\ 7
J/Q \\\\ ' J/} o oo oo e ﬁ
(6] o (0] ::0 (0] :0 (0] [¢] (0] o (6] (0]
D-galactose| D-idose |D-mannose| D-allose | D-sorbose | D-fructose

When applies, the names are *ose for acyclic and *opyranose for cylic forms
(e.g. Glucose - acyclic — Glucopyranose - cyclic)
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The main problem in studies relating the experimental measurements
on carbohydrates is the scarcity of structural information from combined
factors (difficulties to crystallize and the limitations in NMR analysis [?]).
Another challenge is the fact that usually the researchers studying structural
aspects are not the same with the ones conducting the property measurements,
and thus the reliability of the data sources being reduced, since very easily
during the experimental treatment, monosaccharides may switch from the
acyclic to cyclic form as well as the cyclic forms can undergo mutarotation.

The data about melting points and solubilities of 23 monosaccharides
were considered in this study to derive property-property relationships.

RESULTS AND DISCUSSION

The reader would expect to have H'T ~S fromH=E + pV and G =
E + pV - TS (for other derived equations, see ref. [’]) but is not the case
since here the substances are different.

It should be noted that for all acyclic forms listed in Table 3, the number
of conformers is given by the formula 9™' where n comes from the molecular
formula of monosaccharides, (CH20),; for cyclic forms, there is no general
formula, but all hexoses have 38-22 conformers (column cf. Table 3).

In order to proceed to assignments (the alternatives from Table 5)
between the chemical structures (Table 3) and melting points (Table 2) firstly a
relationship between the melting points (column MP (K) in Table 5) and the
other properties listed in Table 3, Table 4 and Table 5 inside of the assigned
group (the first 13 entries in Table 5) is to be checked.

By keeping in mind that a linear model is significant only when the
coefficient of the independent variable is significant enough [8], and aiming to
identify at least one principal component [°] in a multiple linear regression ['7],
the researcher would seek for possible explanation of variables for a given
dependent variable (see Table 6).

Table 6. Results of simple linear regressions

Dependent variable | Independent variable p (%)
cMP ~4.82 *
MPK sMP ~4.94 *
all others > 5.00
1/MPK all >5.00
In(MPK) all >5.00
*Q0 HELE DM >5.00
MPK™S all others <5.00 *
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Dependent variable | Independent variable p (%)

. H E L E DM > 5.00
MPK*SH all others? <5.00 *

HELE >5.00
MPK*SoK DM =~ 4.00 *
all others® <5.00 *

HY/MPK H E, L E,DM >5.00
all others <5.00 *

GYMPK H E,L E,DM >5.00
all others® <5.00 *

HMP/MPK H E L E,DM >5.00
all others? <5.00 *

GMP/MPK H E,L_E, DM >5.00
all others® <5.00 *

Notes on data in Table 6:

p - Probability to cancel the effect of the independent variable; MPK - melting
point in K.
The alternatives for independent variables are: Conf(=9""), L_E, H_E, DM, ZPE,
Energy, Energy aq., Solv_E (data in Table 3), n (data in Table 2), In(n), H°, G°,
S0, C\9, S, C\%K(data in Table 4), SMP, C\MP, HMP GMP (data in Table 5).
The asterisk (*) indicate statistical significant linear associations.
Note 2: even if all others give linear associations with the dependent variable,
however, the associations provided by MPK*S° are stronger than the associations
provided by MPK*SMP (in all cases).
Note °: with two exceptions (Conf and ZPE when the associations given by MPK*S°
are stronger than the associations provided by MPK*S%) the associations given by
MPK*S%K are stronger than the associations provided by MPK*SC.
Note °: associations given by H/MPK are stronger than the associations given
by GY/MPK.
Note 9: associations provided by HY/MPK and G°MPK are stronger than the
associations provided by HVP/MPK.
Note ©: associations provided by GMP/MPK are stronger (in all cases) than the
associations provided by HMPK (and H"?/MPK and GYMPK).

The analysis of simple linear associations (Table 6) revealed that:
There is a very little chance to obtain an equation with good estimating capacity
when the melting point (either MP or MPK) is used alone as dependent variable.
Practically only two predictors barely qualifies to be considered statistically significant:
CwMP and SMP,
Good chances appear when a molar heat quantity (MPK*S?, MPK*SM? or MPK*SK)
is used in place of the melting temperature. Of course, the convenience is to use one
of the MPK*S? and MPK*S% alternatives, because doesn't require the knowledge on
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the melting point and can then be used for predictions. Fortunately, MPK*SMP
performs the worst, but is no a clear indication till this point which of the MPK*S°® and
MPK*S%K alternatives is the best to be used in building of a property-property
relationship.

+ Good chances appear also when a heat transfer quantity (HY/MPK, GY/MPK,
HMP/MPK, or GMP/MPK) is used in place of the melting temperature. Again, the
convenience is to use one of the HYMPK and GY%MPK alternatives, because
doesn't require knowing of the melting point and can then be used for predictions.
Unfortunately GMP/MPK performs the best, but also H/MPK comes as the second
best alternative.

Even considering the information provided by data in Table 6, to
proceed in deriving a property-property relationship is not correct, because
the assigned group contains 13 paired determinations (first 13 entries in
Table 5) and the pool of possible independent predictors contains 18 variables
and is no recipe from which to select a part of them other than trying any
possible association [']; it is still convenient to reduce their number. Of a
particular interest is the group formed by Conf (=9™), n and In(n) since they
provide the shape of the association with n. By conducting a multiple linear
regression with all of them included, the hope is that the survival of the
fittest ['?] will emerge one or two of them.

Indeed, the multiple regression analysis conducted with MPK-S° as
dependent variable (Y) and Conf (=9™'), n and In(n) as independent variables
(X's) when the condition that all coefficients of the model to be statistically
significant was imposed, resulted in selection of only one predictor (In(n),
eq.1 below) while analysis conducted with MPK-S% as dependent variable
selected another one predictor (n, eq.2 below).

MPK*S0 = Y ~ Y = 105337 (+4803)p=se-15-In(), rZaq; = 0.68 (1)
MPK*SK = Y ~ ¥ = 6637(£532)p=se-12°N, IZaq = 0.67 (2)

The results in eq.1 and eq.2 are consistent with the experimental
measurements, since the variation of the entropy, at low temperatures,
increases its slope (see the data in ref. ['®] as an example).

The entropies and the heat capacities at constant volume at 0 K
(S% and C,%K - see the columns in Table 4) are all multipliers of R/2 and R
respectively (where R is the gas constant). Since S = kg-log(Q), where Q is
the number of microscopic configurations ['*] and molar S is Smoar = Na*S =
R-log(Q), the values obtained for S (Table 4) can be used to obtain the
number of microscopic configurations for monosaccharides (by inversing the
logarithms: Q = log(S®/R)); analogously, for C,%¢ (Table 4), their number of
energy components (J = 2Cv/R, see ['%] for derivation of the energy components
and ['6] as an example of the calculation from C, for Hydrogen) at 0 K. Even
more, the data in Table 4 reveals a relationship between S and C,%X (eq.3).
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SKY ~Y =C,%K+4.1561, r2= 1.00 (3)

It is no big guess that 4.1561 (both S and C,°% have J-mol'-K-! as
measurement unit, the same as the gas constant R and the same as 4.16212 in
eq.3) is actually R/2 (R/2 = 4.1572) because the standard error of the difference,
SE(S%K-C\,%%-R/2) is 7.3-10* and the probability to be S%X-C,%K-R/2 # 0 from
Student t distribution is 0.08% (< 5.00%).

There are a series of predictors that are linearly related (Energy, Energy
ag., and Solv_E) in eq.4, (S°, H° and G°) in eq.5, (MPK, SMP, HMP and GMP) in eq.6.

There are a series of predictors that are linearly related (Energy, Energy
ag., and Solv_E) in eq.4, (S°, H° and G°) in eq.5, (MPK, SMP, HMP and GMP) and in
eq.6.

Solv_E =Y ~Y = 2625-(Energy aq. - Energy), r> = 1.00 4)
S0=Y ~ Y =8806-(H°- G, r2=1.00 (5)
MPK*SMP = Y ~ Y = 2625670-(HMP — GMP), r2 = 1.00 (6)

The eqgs.4 to 6 are just expected results, since 1 Hartree = 2625.499
kd/mol (see the coefficient in eq.4 and Solv_E is expressed in kd/mol and
Energy aqg. and Energy in Hartrees), 1 Hartree/298.15K = 8806 J/mol (see the
coefficient in eq.5 and Solv_E is expressed in J/mol and H° and G° in Hartrees)
and 1 Hartree = 2625499 J/mol (see the coefficient in eq.6 and SM is expressed
in J/mol/K and H® and G° in Hartrees).

Even more, eq.6 is nothing else than a well known relation among
the state parameters, G = H — TS, rewritten now as TS = H — G. Somebody
may say that this is wonderful, but it is not. It cannot be used for predictions
of the melting points (MP), because in order to obtain HY? and GMP first MP
should be known.

Other two predictors proved to be highly correlated with other relations
among quantities: C,° with Energy - H°, and C,MP with Energy — HVP,

After removal of the dependent predictors from the pool of potential
descriptors, 11 still remained: n, In(n), ZPE, DM, H°, G°, H¥?, GMP C,%X Energy,
and Energy aq. At this point, a step-by-step strategy of removal for the not
statistically significant predictors was applied based on the likelihood of their
coefficients.

For MPK*S% as dependent variable, Energy was first to be removed,
GO the second, HVP the third, DM the fourth, Energy ag. the fifth. At this point
two variables (n and ZPE) had a probability of non-null effect between 5% and
1% (2.4% for ZPE and 1.1% for n). It was decided to continue the removal by
removing ZPE. After this removal, other two were eliminated at 5% risk being
in error: n and In(n). The obtained equation is eq.7.
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MPK*SK = Y ~ ¥ = -14804(£1495) + 589191(+46615)-H°
- 589157(+46610)-GMP + 383(+21)-C,K (7)
with radjz = 0.999

The same procedure was applied to MPK*SMPK excepting in this case
HMP was removed implicitly (see eq.6 and its comments for the reason). ZPE
was the first removed, C,% the second, G° the third, n the fourth, Energy aq. the
fifth. At this point one variable (DM) had a very little probability of non-null
effect when compared to the rest of the variables in the model (10?2 vs. 109). It
was decided to continue the removal with DM. The obtained model contained
two variables with high contribution to the explained variance (H° and GMP)
and other two with much less (In(n) and Energy). It was decided to keep only
first two variables. The obtained equation is eq.8.

MPK*SK = Y ~ ¥ = -38044(+4736) + 3950677 (+144780)-H°
- 3950629(+144769)-GMP (8)
with radjz = 0.999

Analogously was proceeded for HY/MPK, and the resulted equation is eq.9.

HOMPK = Y ~ Y = 48.7319(+2.6944)-HMP - 48.7288(+2.6944)-HO  (9)
With raq? = 0.998

The model eq.9 was used to do the assignments in relation: measured
melting points and chemical structures. The entries in Table 5 from 'Alternate
assignments: first option' and 'Alternate assignments: second option' were
one by one alternatively joined with the main group (of first 13 entries). The
decision which assignment to be kept is based on the standard error (SE)
since it is an unbiased estimator of the population variance ['7]. The step-
by-step results of this analysis are given in Table 7.

Table 7. Assignments between chemical structures and melting points

Sample | Added MPK Standard MPK Standard | Selected
size CID (MP in K) | error (SE) | (MP in K) | error (SE)

first option second option option
13 - - 0.011047 - 0.011047 Eq.9
14 751 405.15 0.011408 418.15 0.011339 | second
14 751 - 0.011339 - 0.011339 -
15 79014 418.15 0.011707 405.15 0.011846 none
14 - - 0.011339 - 0.011339 -
15 66308 436.15 0.055598 429.15 0.010967 | second
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Sample | Added MPK Standard MPK Standard | Selected

size CID (MP in K) | error (SE) | (MP in K) | error (SE)

15 66308 - 0.010967 - 0.010967 -
16 65550 379.65 0.010797 352.65 0.011143 first
16 65550 - 0.010797 - 0.010797 -
17 5311110 | 368.15 0.010497 355.15 0.010649 first
17 5311110 - 0.010497 - 0.010497

18 644160 416.15 0.116208 363.65 0.122194 none
17 - - 0.010497 - 0.010497

18 5289590 | 343.65 0.012235 324.15 0.017894 first
18 5289590 - 0.012235 - 0.012235

19 102288 414.15 0.011956 401.15 0.012163 first
19 102288 - 0.011956 - 0.011956

20 167792 424.15 0.011620 333.15 0.015747 first
20 167792 - 0.011620 - 0.011620

21 92092 407.65 0.011487 404.15 0.011526 first
21 92092 - 0.011487 - 0.011487

As can be seen in Table 7, the difference between the initial (from 13
paired values) estimation of the standard error (0.11047) and the final (from
21 paired values) estimation of the standard error (0.11487) is negligible — less
than 5%, which indicates that the sample of 13 paired data and the sample of
21 paired data belongs to the same population (see for further details of
this type of analysis ['®] and ['°]). Based on the results from Table 7, the
following assignments have been made: MP(CID_751) = 145 °C (418.15 K),
MP(CID_66308) = 156 °C (429.15 K), MP(CID_65550) = 106.5 °C (379.65 K),
MP(CID_5311110) = 95 °C (368.15 K), MP(CID_5289590) = 70.5 °C (343.65 K),
MP(CID_102288) = 141 °C (414.15 K), MP(CID_167792) = 151 °C (424.15 K),
MP(CID_92092) = 134.5 °C (407.65 K).

Due to the lack of assignment between the structural data and the
solubilities, it is even more difficult to derive a relationship able to express
the solubility as a function of other properties. Actually, by using all data in
Table 2 combined with the data in Table 3 and Table 4, no linear relationship can
be derived to express the solubility. The main reason is the fact that actually the
same solubility is assigned to two cyclic forms in three out of eight cases.
Actually these forms are in slow equilibrium with each other and with the acyclic
form in aqueous solution [?°]. By using the square root transformation [*']
applied to the solubility, a relationship were derived and in eq.10.

VSolubility = Y ~ Y = -37(£35) -4.4(+4.2)-In(Conf)
+0.079(x0.072)-S° + 0.076(+0.075)-ZPE
with radj2 =0.3

(10)
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Unfortunately, even if all the coefficients of eq.10 are statistically
significant, qualifying all predictors (In(Conf), S° and ZPE) to belong to the
model, due to the small number of measurements (11 paired data from which
only 8 distinct) the eq.10 failed to provide a reliable model (probability to
reject the model from Fisher's distribution is 15%).

CONCLUSIONS

The study revealed that is very difficult to derive reliable property-
property relationships when the structural determinations of the substances
subjected to property measurements are scarce. Therefore more structural
and property determinations are essential for the advance of the knowledge
in this field.

By involving statistical analysis, in this study were assigned the
melting points for a number of eight monosaccharides to the corresponding
deposited PubChem structure information files by constructing property-
property relationships on their pool of chemical structures.

EXPERIMENTAL SECTION

The available data about melting points and solubilities of 23
monosaccharides (listed in Table 1) were collected from the literature.

The structural information as 3D geometries was taken from PubChem
database. As can be seen in Table 2 the assignments between a certain
monosaccharide conformation and its measured properties were not guarantied
by the source of the data. Thus excepting D-glucose of which melting points are
available in all three listed conformations, when the literature provided more
than one melting point was necessary to conduct an assignment (alternatives
listed in Table 5).

For the 23 monosaccharides 45 different geometries (3D) were available
in the PubChem database. For one monosaccharide (CID 111123 corresponding
to D-idose) the 3D geometry was build from its 2D geometry. On the 46 files
containing different geometries of monosaccharides, a series of properties
were calculated (listed in Table 3) using Spartan'14 software in the following
configuration: energy calculation with Hartree-Fock (HF) method, 6-31G* dual
basis, with computing of infra-red (IR) parameters and deriving of thermodynamic
entities (listed in Table 4).

41



42

LORENTZ JANTSCHI

Table 2. Monosaccharides experimental data

Name (CH20)n n| MP/ref | Solubility/ref
D-dihydroxyacetone 90 1
D-glyceraldehyde CsHeO3 3| 132] 11
D-glyceraldehyde 145 2

D-erythrose 129 2

D-erythrulose C4HsO4 4

D-threose 115 6

D-arabinose 163 5

D-arabinose 156 2 0.0816 12
D-lyxose 106.5 4

D-lyxose 79.5 1

D-ribose 95 1

D-ribose CsH100s5 5 82 2

D-ribulose 85 4

D-xylose 143 4

D-xylose 905 1,0:129%3 12
D-xylulose 70.5 4

D-xylulose 51 4

D-allose 141 8

D-allose 128] 8004489 14
D-altrose 104 1

D-fructose 103| 10| 0.0735 15
D-galactose 164 8| 0.0432 12
D-glucose 83 1

D-glucose 146 5|0.09447 12
D-glucose 149 5

D-gulose CsH1206 6| 151 5

D-gulose 60 7

D-idose 168.5] 11

D-mannose 132 3|0.25884 12
D-psicose 165 3| 0.2266 13
D-sorbose 165 9

D-tagatose 134.5 1

D-tagatose 131 8

D-talose 126.5 8

Notes on data in Table 2:

MP: melting points, in °C;

MP/refs: 1: Chem.nim.nih.gov; 2: ChemSpider.com; 3: CompTox CompTox.epa.gov;
4: [??]; 5: SigmaAldrich.com; 6: [%%]; 7: [*]; 8: [°]; 9: [%%]; 10: [¥'];

11: http://drugfuture.com/chemdata/;

Solubility: in mole fraction (mol/mol), at 25°C;

Solubility/refs: 12: [28]; 13: converted from [?°], 2.93g/g; 14: converted from [*],
47%wt; 15: extrapolated from [3'] at 79.3%wt.
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Table 3. Calculated molecular properties

CID Name (D-...) |F|Conf|L_E|H_E |DM [ZPE |Energy |Energy aq.|Solv_E
1 670|dihydroxyacetone [A| 81 |2.67|-12.25(3.28|244.43|-341.62377| -341.64382 |-52.645
2 751|glyceraldehyde |A| 81 [2.62|-12.23|3.14|244.26|-341.61839| -341.63820 | -52.017
3 79014 |glyceraldehyde |A| 81 [2.72]-12.39|3.88|246.46|-341.62398| -341.63983 |-41.617
4 94176 |erythrose A| 729 |2.37|-12.57|2.85|325.24|-455.49945| -455.51811 |-48.998
5| 5460177 |erythrulose A| 729 |2.43|-12.06(5.55|322.53|-455.49497| -455.52238 |-71.961
6| 439665|threose A| 729 |2.07(-12.49(3.37|325.25|-455.49416| -455.51614 |-57.712
7 66308 |arabinose A| 6561 |2.13|-12.53(2.28|401.87|-569.37840| -569.40304 |-64.690
8 | 7044039|arabinose C| 324 [4.31|-12.56|4.91(390.66|-569.38571| -569.41441 |-75.327
9 65550|lyxose A| 6561 [2.57(-12.32|2.65[401.39|-569.38046 | -569.40478 | -63.846
10| 439240|lyxose C| 324 [4.63|-12.38|3.93(402.92|-569.39170| -569.41829 |-69.811
11| 5311110|ribose A| 6561 |2.47(-12.41(1.81|405.34|-569.38097 | -569.40334 | -58.726
12|10975657 [ribose C| 324 [4.21(-12.07|3.30{402.93|-569.39333| -569.41408 | -54.473
13| 151261|ribulose A| 6561 |2.28(-12.48(2.00|400.21|-569.37434| -569.40118 |-70.455
14| 439203|ribulose C| 1944 [3.83|-12.63|4.34(384.39|-569.38383 | -569.41247 |-75.173
15| 644160|xylose A| 6561 |2.41|-12.62|4.19|401.19|-569.37312| -569.39904 | -68.046
16|89398913|xylose C| 324 [4.62(-12.26| 3.4 [403.45|-569.38100| -569.41096 |-78.662
17| 444173|xylose C| 324 [4.04|-12.43|3.81(393.20|-569.39701| -569.42139 |-63.999
18 6027 |xylose C| 324 [4.68(-12.46|0.98(401.23|-569.39506| -569.41926 | -63.537
19| 5289590|xylulose A| 6561 |2.64(-12.20(5.54|401.61|-569.38225| -569.40690 |-64.704
20| 439204 |xylulose C| 1944 [4.20|-12.69|5.53(381.81|-569.38713| -569.41472 |-72.455
21| 102288|allose A|59049|2.29|-12.30|5.05|475.89|-683.23768 | -683.26573 | -73.659
22| 439507 |allose C| 2916 [3.96(-12.65|2.43|456.74|-683.26202| -683.29304 |-81.437
23 94780 |altrose A|[59049|1.93(-12.16(5.53|474.85|-683.22915| -683.26127 |-84.332
24| 441032|altrose C| 2916 [4.32|-11.94|2.36(477.72|-683.26918 | -683.29816 |-76.073
25 5984 |fructose A|59049|2.46 (-12.36(7.42|470.36|-683.24467 | -683.28345 |-101.82
26| 2723872|fructose C| 2916 [4.48|-12.55|2.11(465.13|-683.27403 | -683.30156 |-72.267
27| 3037556 |galactose A|59049|2.34 (-12.53(2.62|476.41|-683.24712| -683.27771 |-80.301
28| 439357|galactose C| 2916 [4.03|-12.44|4.35(468.31|-683.26896 | -683.29681 |-73.121
29 6036|galactose C| 2916 [4.35|-12.51|3.65(466.37|-683.27512| -683.30107 |-68.126
30| 107526|glucose A|59049|2.24|-12.46|3.06|472.20(-683.23648 | -683.27206 | -93.406
31 79025 |glucose C| 2916 [3.62(-12.58|3.04[460.59|-683.26300| -683.29710 |-89.536
32 64689|glucose C| 2916 [4.04|-12.54|2.29(459.19|-683.26572| -683.29809 | -84.990
33| 167792|gulose A|[59049|2.13 |-12.74|2.77|473.93|-683.24025| -683.27051 |-79.442
34| 441033|gulose C| 2916 [4.52(-12.25|0.54|467.88|-683.27228 | -683.30047 |-74.005

43



LORENTZ JANTSCHI

CID Name (D-...) |F|Conf|L_E/H_E |DM |ZPE |Energy |Energy aq.|Solv_E
35| 111123|idose A|59049|2.24|-12.56|4.37|484.82|-683.25735| -683.28439 | -70.993
36| 441034|idose C| 2916 [4.21(-12.04|2.69(471.29|-683.27792| -683.30248 | -64.465
37|12305800|{mannose A|[59049|2.27 -12.39(4.74|473.14|-683.24174 | -683.27724 |-93.210
38 18950|mannose C| 2916 [4.14|-12.62|2.26|458.14|-683.27324 | -683.30087 |-72.558
39 90008 |psicose A|59049|2.43|-12.15(5.56|472.52|-683.24826 | -683.28337 |-92.166
40| 441036 |psicose C| 2916 [4.43|-12.34|2.01(463.92|-683.29092 | -683.30944 | -48.621
41| 107428|sorbose A|59049|2.37|-12.40|5.76|471.30|-683.24880| -683.28402 | -92.456
42| 439192|sorbose C| 2916 [4.39(-12.32|4.86|466.68|-683.26798 | -683.29185 | -79.204
43 92092|tagatose A|59049|2.20|-12.37|5.61|467.84 |-683.24604 | -683.28039 | -90.195
44| 439312|tagatose C| 2916 [4.61(-12.39|4.43|463.69|-683.26650| -683.29556 |-76.297
45 99459 |talose A|[59049|2.21| -12.3 |4.86|474.96|-683.23829| -683.26867 |-79.783
46| 441035|talose C| 2916 [4.11|-12.27|6.09(466.81|-683.26205| -683.29147 |-77.247

Notes on data in Table 3:

+ CID - compound identifier from PubChem; F - form (A: acyclic, C - cyclic); L_E:
LUMO energy (in eV); H_E: HOMO energy (in eV); DM: Dipole moment (in Debye);
ZPE: Zero point energy (in kJ/mol); Energy: total energy (in a.u.; a.u. = Hartrees);
Energy aq.: total energy in solvated form at infinite dilution (in a.u.; a.u. = Hartrees);
Solv_E: solvation energy (in kd/mol).

Table 4. Calculated molecular thermodynamic properties

H'(au.) |[G%(a.u) |S?(J-mol'-K")(C\0 (J-mol'-K)SK (J-mol'-K7)|C\ (J-mol'-K)
1 (-341.52336|-341.56082 329.83 101.2 4573 41.57
2 [-341.51804|-341.55559 330.66 100.2 4573 41.57
3 [-341.52291|-341.56019 328.23 98.60 37.41 33.26
4 |-455.36621|-455.40860 373.31 142.3 62.36 58.20
5 [-455.36255|-455.40540 377.30 145.8 70.67 66.52
6 |-455.36090(-455.40336 373.82 142.5 54.04 49.89
7 -569.21371|-569.26121 418.31 188.0 78.99 74.83
8 |-569.22494(-569.27270 420.52 195.2 78.99 74.83
9 [-569.21592|-569.26352 419.12 188.3 78.99 74.83
10(-569.22690(-569.27333 408.87 184.2 78.99 74.83
11]-569.21506|-569.26235 416.42 185.1 78.99 74.83
12(-569.22854|-569.27490 408.17 184.5 70.67 66.52
13|-569.20997(-569.25802 423.13 1914 95.62 91.46
14(-569.22476|-569.27392 432.88 204.2 103.9 99.77
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Ho(a.u.) |[G%(a.u) |S?(J-mol'-K")(C\0 (J-mol'-K)SK (J-mol'-K7) C, (J-mol'-K)
15|-569.28865|-569.25624 419.08 188.2 78.99 74.83
16(-569.21608|-569.26216 405.82 183.5 70.67 66.52
17|-569.23537(-569.28291 418.65 193.2 87.30 83.14
18(-569.23080(-569.27752 411.47 185.6 70.67 66.52
19|-569.21749|-569.26524 420.54 189.9 87.30 83.14
20(-569.22899(-569.27818 433.18 206.0 112.2 108.1
21]-683.04234|-683.09508 464.50 236.5 95.62 91.46
22(-683.07285(-683.12749 481.15 253.3 112.2 108.1
23|-683.03418(-683.08687 464.02 237.3 95.62 91.46
24|-683.07345(-683.12530 456.59 2321 95.62 91.46
25|-683.05095(-683.10463 472.74 242.8 112.2 108.1
26|-683.08219|-683.13587 472.70 246.2 112.2 108.1
27(-683.05159(-683.10428 463.96 236.3 87.30 83.14
28|-683.07611|-683.12922 467.70 242.4 112.2 108.1
29(-683.08298|-683.13636 470.08 243.2 112.2 108.1
30(-683.04232|-683.09538 467.29 240.0 103.9 99.77
31|-683.07265|-683.12685 477.27 249.8 112.2 108.1
32(-683.07587|-683.13011 477.65 249.9 112.2 108.1
33|-683.04548(-683.09850 466.87 238.3 103.9 99.77
34(-683.07967|-683.13273 467.31 241.9 103.9 99.77
35|-683.05924|-683.11040 450.51 224.9 78.99 74.83
36(-683.08423|-683.13684 463.34 238.9 103.9 99.77
37|-683.04731|-683.10033 466.88 238.6 95.62 91.46
38(-683.08370(-683.13821 479.99 250.8 120.6 116.4
39(-683.05385|-683.10740 471.59 241.0 112.2 108.1
40/-683.09941|-683.15337 475.09 247.8 120.6 116.4
41]-683.05475(-683.10841 472.61 242.0 112.2 108.1
421-683.07571|-683.12909 470.13 244.0 112.2 108.1
43|-683.05310{-683.10723 476.66 245.3 120.6 116.4
441-683.07505|-683.12875 472.97 2481 112.2 108.1
45|-683.04323(-683.09607 465.35 2374 95.62 91.46
46/-683.06980(-683.12283 467.00 242.8 103.9 99.77

Notes on data in Table 4:

+ The thermodynamic quantities from Table 4 are given for standard conditions
(To=298.15 K): H, G°, SO, C\° and at OK: S, C,%X.

45



LORENTZ JANTSCHI

Table 5. Calculated molecular thermodynamic properties
for acyclic forms at their melting points

Name CID F|MP (K) |SMP CMP  |HMP GMP

3 |D-dihydroxyacetone 670|A| 363.15|346.47| 116.72| -341.520858| -341.568781
4 |D-erythrose 94176|A| 402.15{407.12| 176.02| -455.360734| -455.423093
5 |D-threose 439665|A| 388.15|402.46| 171.90| -455.356251| -455.415750
19|D-ribulose 151261|A| 358.15|447.69| 215.97| -569.206107| -569.267187
25|D-altrose 94780|A| 377.15|501.43| 277.25| -683.027889| -683.099919
45 |D-fructose 5984 |A| 376.15| 509.55| 281.01| -683.044734| -683.117736
34|D-galactose 3037556|A| 437.15|527.01| 303.34| -683.039957| -683.127706
27|D-glucose 107526|A| 356.15| 495.00| 269.52| -683.037758| -683.104905
37|D-idose 111123|A| 441.65| 517.27| 295.25| -683.047430| -683.134443
39|D-mannose 12305800|A| 405.15| 516.81] 291.30| -683.038595| -683.118346
30|D-psicose 90008|A| 438.15|533.21| 306.21| -683.042179| -683.131162
43 |D-sorbose 107428|A| 438.15| 536.19| 307.44| -683.043023| -683.132504
21|D-talose 99459|A| 399.65| 512.83| 287.75| -683.035010] -683.113071
Alternate assignments: first option

1 |D-glyceraldehyde 751|A| 405.15| 357.24| 125.28| -341.513873| -341.569000
2 |D-glyceraldehyde 79014|A| 418.15| 357.24| 126.72| -341.518231| -341.575127
9 |D-arabinose 66308|A| 436.15| 449.85| 221.91| -569.208455| -569.273418
15|D-lyxose 65550|A| 379.65|450.95| 222.72| -569.210598| -569.275806
7 |D-ribose 5311110|A| 368.15|444.24| 214.67| -569.210632| -569.272924
11|D-xylose 644160|A| 416.15| 464.37| 236.51| -569.200737| -569.274341
17 |D-xylulose 5289590|A| 343.65|439.48| 209.07| -569.214618| -569.272142
41|D-allose 102288|A| 414.15] 517.60| 293.47| -683.032798| -683.114444
23|D-gulose 167792|A| 424.15] 525.01| 299.42| -683.035059| -683.119874
32|D-tagatose 92092|A| 407.65| 525.84| 297.25| -683.044164| -683.125809
Alternate assignments: second option

1 |D-glyceraldehyde 751|A| 418.15/360.22| 128.12| -341.513322| -341.570673
2 |D-glyceraldehyde 79014|A| 405.15| 354.30| 123.86| -341.518795| -341.573468
9 |D-arabinose 66308|A| 429.15|468.38| 240.79| -569.204757| -569.281317
15|D-lyxose 65550|A| 352.65|440.36| 211.75| -569.212468| -569.271616
7 |D-ribose 5311110|A| 355.15]439.26| 209.36| -569.211508| -569.270926
11|D-xylose 644160|A| 363.65| 444.85| 216.08| -569.204485| -569.266100
17 |D-xylulose 5289590|A| 324.15|431.37| 200.99| -569.215879| -569.269137
41|D-allose 102288|A| 401.15| 511.86| 287.66| -683.033978| -683.112185
23|D-gulose 167792|A| 333.15| 484.19| 256.56| -683.042845| -683.104284
32|D-tagatose 92092|A| 404.15|524.34| 295.74| -683.044475| -683.125189
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Notes on data in Table 5:

Not for all monosaccharides are available the melting points; were included in
Table 5 only the ones with available data.
It is known that in the absence of the water monosaccharides have the tendency to
take the acyclic form, while in water exists mainly in the cyclic form (see pentoses
and hexoses as typical examples); therefore, the melting points were assigned to the

acyclic forms (F='A" in Table 5).
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+ The melting points were converted to Kelvin scale (MP (K) in Table 5) and were
used to obtain the thermodynamic quantities at the melting point S¥” (in J-mol'-K™"),
CMP (in J-mol'-K"), H¥P (in a.u.), and GMP (in a.u.).
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PROBING REDUCING POWER FOR FERRYL PHYTOGLOBINS
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ABSTRACT. Several phenolic compounds belonging to different classes
were comparatively analyzed for their ability to reduce ferryl forms of three
non-symbiotic phytoglobins which were generated in situ by hydrogen
peroxide and thus acting as enzymes. The kinetic profiles of the substrates
oxidation were evaluated using principal component analysis and cluster
analysis. The three globins were different not only in terms of rate but also
in mechanism and the electron donor ability of the studied phenolics were
strongly enzyme specific and did not depend only upon their chemical
structure but also upon assumptive binding pocket environment.

Keywords: phenolics, flavonoids, phytoglobin, reducing power

INTRODUCTION

Natural phenolic compounds constitute a broad group of phytochemicals
with various physiological and biochemical activity. They form one of the
largest classes of secondary plant metabolites which act effectively against
different abiotic and biotic stresses in plants. Phenolic compounds are
produced within two metabolic pathways: acetate/malonate pathway in which
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simple phenols are produced and shikimate/phenylpropanoid pathway that
leads to phenylpropanoids or combination of the both pathways, resulting in
formation of flavonoids, one of the most abundant phenolic classes in nature.
Some phenolic compounds are widely distributed in the plant kingdom while
others can be found in specific plant families, specific plant organelles or only
at certain phase of the plant developing tissues [1-3].

Phenolic compounds can be classified in different ways: distribution in
nature, form and location in plants (insoluble - bound into stable complexes with
biomolecules of the cell wall or soluble — free, not bound fractions). One of the
most accepted and general classification is based on the basic carbon skeleton
which categorized them in couple main classes such as simple phenols, phenolic
acids and analogs, chalcones, coumarins, stilbenes, flavonoids, lignans, lignins
and others [1,4]. Due to the large diversity of structures and properties, phenolic
compounds possess variety of different functions in the plants starting with
involvement in the growth of the plant to plant reproduction and participation in
defense mechanisms. Phenolic compounds can act as visual signals for attracting
pollinating insects, phytoalexins, photoreceptors, detoxifying agents, scavenger
of reactive oxygen species (ROS) such as H2O-, hydroxyl, peroxyl or alkoxyl
radical; they also, contribute to different flavours and colour shades in flowers,
leaves, fruits and vegetables, protect the plant cells against UV radiation, fungal,
bacterium or virus pathogens, parasites and herbivores, etc. [5-12].

Phenolic acids include two subclasses: hydroxybenzoic acids (e.g.
vanillic acid, gallic acid, protocatechuic acid etc.) with C¢-C; structure and
hydroxycinnamic acids (e.g. caffeic acid, p-coumaric acid, ferulic acid etc.)
with Cs-Cj3 structure. Phenolic acids naturally occur in free form or conjugate
esters or amides [13]. Stilbenoids (stilbenes) are phenylpropanoids belonging
to the family of phenolic compounds with Cg-C2-Ce structure (two aromatic
rings connected with ethane bridge). Stilbenoids are hydroxylated derivatives
of stilbene and they are not present in all plant species, due to limited stilbene
synthase genes expression, but their distribution is rather heterogonous through
the plant kingdom. The natural stilbenoids exist in monomeric or oligomeric
form (e.g. trans-resveratrol) or frequently as glycosylated form with different
substitution [13,14]. Coumarins (2H-chromen-2-one) are natural compounds
belonging to the group of lactones with Ce¢-C3 rich electron conjugated
system with a charge transport properties. Coumarins are synthesised with
hydroxylation, isomerization, glycolysis and cyclization of cinnamic acid and
naturally in plants are present in free form, but most often as glycosides (e.g.
aesculetin) [1,13,15,16].

Flavonoids (or bioflavonoids) are extensively distributed in green
plant kingdom. Flavonoids are present in all part of the plants, especially the
photosynthesising plant cells of a wide range of vascular plants; up to date
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over 8000 flavonoid compounds have been identified and the number is still
increasing. Chemically, they all have characteristic Cs-C3-Cg benzo- y-pyrone
skeleton consists of two benzene rings (A and B, Table 1) connected through
heterocyclic pyran ring (C) [5,6,8,17]. Flavonoids generally, occur in plants as
glycosides (O-glycoside or C-glycoside) with a monosaccharide or disaccharide
attached, but also as aglycones or methylated and sulfated derivatives [9,11].
Flavonoids can be divided into several classes based on the structure of the
carbon skeleton, substitution, conjugation, degree of hydroxylation and degree
of polymerization such as, flavones, flavonols, flavanones, flavanols, isoflavones,
flavanonols and anthocyanidins [5,8,18]. UV-Vis spectral features of flavonoids
display two major absorption bands in the region from 200-400 nm, which
are known as band | (300-385 nm) and band Il (250-285 nm) [9,19,20]. The
substitution of functional groups in the flavonoid skeleton can cause shift in
absorption maximum. The radical scavenging activity of the flavonoids is in
connected with the chemical structure and type of substituents of the B and
C rings; meaning that the greater the number of hydroxyl groups in ring B, the
lower the redox potential and the stronger the reducing power [21]. In general,
flavonoids with catechol moiety on ring B (0.23 < E, 2 < 0.75 V) will be highly
active and better antioxidant agents, than non-catechol derivatives (Ep > 0.8 V)
[6,12,22].

Hemoglobins (Hbs) are a large family of globular proteins found in all
kingdoms of life with various biological functions such as oxygen transport and
storage, electron transfer, O., NO and CO sensing and redox catalysis [23-26].
Nonsymbiotic plant hemoglobins (nsHbs) are divided in three different classes
(class 1, class 2 and class 3 or truncated Hb) based on oxygen affinity and
structural features [27-29]. Similar to all Hbs, nsHbs are involved in ROS and
RNS involving pathways, exhibiting nitrite reductase activity, peroxidases activity
and are capable of NO scavenging under hypoxic stress [24,26,30-32]. The
highly reactive ferryl species [Fe**=0%]?* can be formed due to abiotic or biotic
stresses under different physiological conditions in reaction of the hemoglobins
with hydrogen peroxide (H20-) [33,34]. The phenolic compounds, especially
flavonoids have ability to scavenge ferryl hemoglobin [35]. Both ferryl heme
and the protein radical are very reactive species, which can induce oxidation
of the biomolecules and cause tissue damage [33,36].

Phenolic compounds under some stress conditions can exhibit pro-
oxidant activity, which was previously reported [37]. The effects on some
flavonoids (rutin, quercetin, (+)-catechin, luteolin, kaempferol, apigenin, genistein,
(-)-epigallocatechin gallate, hesperetin) on the redox reaction, reducing ability,
mechanisms, transportation, distribution, binding sites to human or bovine
hemoglobin at physiological pH or acidic pH were investigated using different
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techniques like fluorescence spectroscopy, circular dichroism (CD), UV-Vis
absorption spectroscopy, molecular modelling and Western blotting [34,38-42].
In general, phytophenolic compounds are well known for their antioxidant
activity and act protective towards the oxidative damage in vitro and in vivo.
Transportation, distribution, physiological and biochemical action of phenolic
compounds is connected with important globular proteins [39] and lipid
bilayer [43] interactions which makes them important besides their antioxidant
capacity.

RESULTS AND DISCUSSION

Thirteen phenolic compounds were used in our study and their
reducing powers towards the three different classes ferryl phytoglobins
from Arabidopsis thaliana were investigated. Their chemical structures of the
studied compounds, together with their classification are shown in Table 1.
The ferryl species of the studied Hbs were generated in situ by hydrogen
peroxide oxidation of the ferric form. These species are thought to be
responsible electron subtraction from the phenolic compounds, oxidizing them
while the ferryl is reduced back to the ferric form and reenters the catalytic cycle.
Therefore, the studied Hbs served as enzymes (used in catalytic amounts) that
oxidized the phenolic compounds coupled with peroxide reduction to water.
The kinetic profiles of the phenolic compounds oxidation were monitored and
a comparative analysis of their ferryl reducing power was employed using
two chemometric methods, principal component analysis (PCA) and cluster
analysis.

The studied phenolic compounds belong to two large classes
(flavonoids and phenolic acids) including one representative from coumarins
(aesculetin) and stilbenes (resveratrol) classes. In this study, the flavone
(luteolin and apigenin), flavonol (quercetin, rutin and isoquercitrin) and
flavanols (catechin and epicatechin) subclasses were part of the flavonoid
class. Phenalic acids, as mentioned above are categorized here into two major
subclasses, hydroxybenzoic acids and hydroxycinnamic acids; in our study
we used vanillic acid, belonging to the first subclass and caffeic, ferulic and
p-coumaric acids representatives from the second subclass (Table 1).
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Table 1. Chemical structural details of the studied phenolic compounds and their
classification based on them, together with the working wavelength in their UV-vis
spectrum (maximum peak). Color codes are kept the same during the study.

Code Compound Amax No. of carbon atoms in the flavonoid skeleton
name name {nm) Subclass
General structure . .
FLAVONOIDS Cc3 [+ Ccé c7 Cc8 Cc3 c4
1 FLV-ON1 Luteolin 356 flavone H OH H OH H OH OH
2 FLV-ON2 Apigenin 348 flavone H OH H OH H H OH
3 FLV-OL1 Quercetin 374 flavonol OH OH H OH H OH OH
4 GLY1 Rutin 362 flavonol ORutr | OH | H | OH | H | OH | OH
(glycoside)
5 GLy2 Isoquercitrin | 360 flavone oGlel| OH | H | OH| H | OoH | OH
(glycoside)
(+)Catechin
6 FLV-3-0L1 (2R,38) 412¢ flavan-3-ol B-OH OH H OH H OH OH
3 (-)Epicatechin
7 FLV-3-0L2 (2R,3R) 412 flavan-3-ol a-OH OH H OH H OH OH

No. of the carbon atoms in the cinnamic acid
structure

8 VAL Vanillic acid | 284 | benzoic ac g 5 c3 c4 | cs | co ) o

312 hydroxy- g 3oL
cinnamic flavan-3-ols OH OH H H 4 OH

311 | hydroxy- O, OH OCH3 | OH | H H z

cinnamic ac

- i - cinnamic acid
p- Cournarlc 284 _hydro_xy H oH H H
acid cinnamic ac

PHENOLIC ACIDS

9 HYDCN1 Caffeic acid

10 HYDCN2 Ferulic acid

1 HYDCN3

v

OTHERS HO - on
12 | COUMI | Aesculetine | 64 | fwdrow- oo He

coumarin vanillic acid HO
13 STB1 Resveratrol® 37 stilbenoid aesculetin 4 Tesveratrol

aRut-disaccharide Rutinose (a-L-rhamnopyranosyl-(1—6)-3-D-glucopyranose);
bGlc-monosaccharide D-Glucose (B-D-glucopyranose); *wavelength of the maximum peak of
reaction product. 9Aesculetin (6,7-dihydroxycoumarin) *Resvertarol (3,5,4'"-trinydroxystilbe

The typical spectral changes of four phenolic compounds (luteolin,
quercetin, resveratrol and epicatechin), belonging to different classes and
subclasses, in the presence of H,O, and one of the three phytoglobins are
shown on Figure 1. The UV-vis spectra features, including the extinction
coefficients and position of maxima of the spectra are specific for each
compound with more or less similarities, depending of their chemical
structures. In the case of luteolin and quercetin (Figure 1A, B) the starting
spectra have two salient absorption bands, as previously described, band |
and band Il. The absence of a 3-hydroxyl group in flavones differentiate them
from flavonols, so the band | is always absorbing at a lower wavelength by
20-40 nm in contrast to the absorption maximum of flavonols [9,44]. In our
case the flavonol quercetin displays a maximum absorbance at 374 nm in
contrast to the flavone luteolin with maximum absorbance at 356 nm, (all
the maximum absorbances are given in Table 1). In the case of quercetin the
reaction could be tracked by shifting of the maximum absorbance and appearing
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of new maximum absorbance at 334 nm, characteristic for generating oxidized
form of quercetin (quinone form), while in the case of luteolin the reaction
could be tracked by the decrease of the typical band | (356 nm), due to the
consumption of the luteolin during the reaction with the ferryl Hb. The stilbenoid
resveratrol (Figure1C) is having three maximum absorbances, one below
220 nm and two very close to each other (307nm and 317 nm). The reaction
is followed by the decrease of these bands, but appearing of a new band at
252 nm and a shoulder around 375 nm, probably with some interferences of
the Hb contribution around 405 nm.

A B 13-
1 AtHb1 + H202 + quercetin
1.2 AtHb3 + H202 + luteolin 1.6
1.4 A
1
1.2
]
0.8 'y
w a
fr. 0.6 < o8
04 0.6
0.4
0.2
0.2
0 T T T 0 v T y
200 300 400 500 200 300 400 500
Wavelength (nm) Wavelength (nm)
Cc D
1 \1« ¢ 0.8 -

AtHb2 + H202 + resveratrol AtHb1 + H202 + epicatehin

Abs

200 300 400 500 0 T " " -
Wavelegth (nm) 200 300 400 500 600
Wavelength (nm)

Figure 1. Reaction between the phenolic compounds and A. thaliana non-symbiotic
hemoglobins in the presence of hydrogen peroxide (H202). UV-Vis spectra
changes of phytophenolic substrates oxidation in 50 mM phosphate buffer pH 7
and 25°C. (A) 0.1 mM luteolin, 0.5 mM H202 and 1 yM metAtHb3; (B) 0.1 mM
quercetin, 1 mM H202 and 2 pM metAtHb1; (C) 0.1 mM resveratrol, 1 mM H20:
and 2 uM metAtHb2; (D) 0.1 mM epicatechin, 1 mM H202 and 2 yM metAtHb1;
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The flavanols epicatechin (Figure1D) and the catechin (spectra not
shown) from our investigation are the only phenolic compounds in which
the product of the reaction is characterized with formation and appearing of
band with maximum absorbance in the visible region, at 412 nm, instead of
the typical decay of the starting bands which was the case for the others
investigated phenolic compounds. The reason for this may be the formation
of a more stable epicatechin/catechin based radical generated during the
reaction or a dimer/trimer oxidize form that have an extended aromatic structure
which leads to absorbances at higher wavelengths, but further investigation
and employing of other techniques (such as EPR, NMR, chromatography)
would be necessary. In addition, other tested compounds exhibit no reaction
such as vanilic and gallic acid, most probably due to too high redox potential
compared to the ferryl redox potential.

One may expect that the ferryl abstracts one electron from the phenolic
compound, generating an unstable transient radical-based species that may
further be oxidized either enzymatically or by interacting with other radicals
leading to stable quinone forms or dimers or multimeric species, however, little
influence is expected from Hb to another since they are expected to behave
similarly. However, in some cases, the fact that the product/s of the reaction may
be different form the type of used Hb appears very interesting (catechin and
epicatechin, Figure 2 AB).

A further comparison between the starting and the end point spectra
in the reaction of some compounds with the three phytoglobins (AtHb1,
AtHb2 and AtHb3) in the presence of H>O; is shown on Figure 2. In all cases
(shown in Figure 2) the oxidation of the phenolic compounds in the presence
of AtHDb3 is the least completed, probably due to the high sensitivity of this
truncated hemoglobin towards H.O,, in which case the highly reactive ferryl
species are generated very fast with far smaller peroxide amounts (data not
shown), so in the presence of higher peroxide concentration degradation of the
hemoglobin occurs. Besides other aspect that may influence the end reaction
spectrum (the intensity rather than the profile) is the completion of the reaction
(the Hbs have different stability in the working condition and high peroxide
concentration), the small different features may be explained by the rate of the
monoelectronic abstraction, shape and size of the binding pocket which could
lead to slight different transient species with different fate.

55



GALABA NAUMOVA-LETIA, AUGUSTIN C. MOT

A s Bog
+AtHb2
0.8 At 0.8
0.7 0.7
« 06 , 06
2
<o0s 2o0s
0.4 0.4
03 0.3
0.2 0.2
0.1 0.1
Catechin Epicatechin
0 0 r " |
200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
c D
1 Resveratrol 16 Caffeic acid

14
12
1

]
<08
0.6
0.4
0.2
T 0

200 250 300 350 400 450 500 200 250 300 350 400 450 500
Wavelength (nm) ‘Wavelength (nm)

Figure 2. Characteristic UV-Vis spectra (A) 0.1 mM catechin; (B) 0.1 mM
epicatechin; (C) 0.1 mM resveratrol; (D) 0.1 mM caffeic acid in the presence and
absence of the AtHb1, AtHb2 and AtHb3

1.05 1 A STB1+AtHb3
e FLV-OL1 + AtHb3
—second order exponential decay
0.95 - = first order exponential decay
8 085 -
<<
0.75 -
0.65 T T T T T T T T
05 05 15 25 35 45 55 65 7.5
Time (min)

Figure 3. Kinetic traces for the oxidation of resveratrol (STB1) and quercetin (FLV-
OL1), both in presence of AtHb3 and peroxide exhibiting different decay profiles,
resveratrol requiring second order exponential decay model (R?=0.999) while for

quercetin first order exponential decay being sufficed (R>=0.995).
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The kinetic profiles of the phenolics oxidation (absorbance change in
time) follow either a first order or second order exponential decay described by
the equation 1 (where t refers to time, t7 and {2 are the time constants and
A1,2 are amplitude relating constants) and are compound specific, in a similar
fashion with the reaction between the artificial radical DPPH and phenolic
compounds (Figure 3) [45]. This could be a good indication for the complexity
of the reaction; reactions that follow a fist order exponential decay profile suggest
a direct oxidation of the substrate to a single oxidized product. Second order
exponential decay trend may indicate either two types of generated radicals
with similar but different end products or enzymatic independent generation of
secondary radicals that might at their turn lead to different oxidized products.
Furthermore, this is not only substrate specific but also globin specific, for example
the two studied glycosides follow a second order exponential decay profile for
AtHb1 and AtHb3 but a monoexponential curve for AtHb2 while the opposite is
valid for caffeic acid (HYDCN1) (see Table 2 for all data regarding this aspect).

Table 2. Time constants t; and t2 and the half-life ¢ for the oxidation of the studied
compounds in presence of peroxide and the three Hbs. The slash in the t2columns
indicates that first order decay suffice to fit the data.

Code Name AtHb1 AtHb2 AtHb3
4 t tiz t t tis t t ti
+ | FLv.oni | 052 [ 380 | 046% | 071 | 1252 | 067x | 032 | , | 0.22
0.04 | 003 | 0003 | 008 | 035 | 006 | 0.007 0.005
9.19% 6.37t | 2,67 | 10462 | 2.13 | 0820 | 2327 | 0.77%
2 | FLV-ONz | 5 ' 1 035 | 035 | 083 | 024 | 47 | 747 | 047
134+ | 1545 | 1.23% | 129+ | 21.165 | 1.22% | 043z 0.30%
3 | FLVOL1 | 02 | +008 | 0019 | 047 | 050 | 043 | 0004 | ! | 0.003
) v 2358 | 908 | 187: | 10.73 |, | 7.44% | 043 | 289 | 036
005 | 025 | 004 | +0.04 003 | 002 | 028 | 0017
5 GLya | 253t [ 951% | 199: | 1185 |, | 8.12: | 053¢ | 1.34% | 0.38:
011 | 033 | 008 | 0.05 003 | 005 | 012 | 003
0.197
103+ | 466+ | 084+ | 318+ | 13.85¢ | 2.58+ 098+ | 0.16+
6 | FLVS3-OL1 | ho16 | 009 | 014 | 004 | 013 | 003 | ¥090 | 0013 | 0.001

1

110+ | 474+ | 0.89+ | 3.49+ | 10.28+ | 2.61+ | 0.33+ | 1.27+ | 0.27+

FLV-3-0L2 | 5016 | 04 | 0014 | 013 | 021 | 008 | 0.004 | 0.03 | 0.003

VAL No reaction in the present conditions

HYDONT | 65 | ! | oote | o2 | 16 | o1 | ooe | ! | oot
10 | Hvoenz | o | o | oote | w020 | || 615 | 615 | o2 | 009
11 | Hvoons | R | T2 | 0006 | 5as | ! | oo | oos | /| oos
12 | coumt | IR | 000 | S6os | ! | 4066 | 0ois| ! | 6o
w| e i e | e om o
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This data further supports the fact that these enzymes do not only
influence the rate of the reaction but also the enzymatic mechanism.

-t

-t
Abs; = Absy + Aletr + A2etz (Equation 1)

Regarding the rate of the reaction, the time constants t; and t, and
the half-lives t» for the investigated phenolic compounds are presented in
Table 2. The calculated values for the t;2 in the case of AtHb3 are lowest,
ranging in the interval of 0.16-1.13 min for catechin and p-coumaric acid,
respectively, indicating very fast reactions. The highest are in the case of
AtHb2 in the interval of 0.67-8.92 min; for luteolin and ferulic acid, respectively
with exception of aesculetin with value of 47.07 min, thus this globin is a poor
catalyst for type of reaction while the AtHb1 sets in between the two.

In order to easily evaluate simultaneously the profile, rate and the yield
of the reaction (also influenced by enzyme stability), graphical representation
of the reaction product percentage, at three stages are shown in Figure 4.

PCA based mapping allows evaluation of the similarities or lack
thereof between the studied compounds, based on their kinetic profiles using
the three different globins as enzymes (Figure 5). Poor grouping based on
structural similarities is observed (especially for AtHb1) but notably again
highly different mapping exists from enzyme to enzyme. In case of AtHb2
and AtHb3, a weak but visible grouping of the compounds, based on their
structural similarities, is noticed.

A better grouping of the compounds, in good agreement with their
structural details (Table 1) is observed if cluster analysis is employed upon
the kinetic parameters (Figure 6). Once more, the compound grouping was
enzyme specific. In case of Athb1, two major clusters were obtained, one
consisting of the flavonoids (with the exception of flavan-3-ols) and another
including all the others while in the case of the other two enzymes, one
compound was very different from the rest (aesculetin in case of AtHb2,
very poor reaction and apigenin for AtHb3, very fast reaction with AtHb3); all
the others were grouping in three small groups with more or less structural
similarities (Figure 6). In addition, the correlation circle of the variables obtained
after PCA application upon the kinetic parameters suggests that the ¢/ is
mainly determined by the t; component and the rates were in the following
order: AtHb2, AtHb1 and AtHb3, in good agreement with their peroxidase
activity while the amplitude of the percentage of the oxidized reaction
product is in reverse order as expected from the data presented in Figure 4.

58



PROBING REDUCING POWER FOR FERRYL PHYTOGLOBINS OF SEVERAL ...

120 4

] i

100

AtHb1

80 1
[1%Abs 0.5 min

B %Abs 1 min
B %Abs 10 min
W %Abs 20 min

% Abs

60 -

40

20 -

100 -+

AtHb2

20 -|
[1%Abs 0.5 min

m %Abs 1 min
W %Abs 10 min
B %Abs 20 min

%Abs

60

40 -

20

100

AtHb3

[1%Abs 0.5 min
M %Abs 1 min

B %Abs 10 min
W %Abs 20 min

% Abs

40

20

0

R T S, A R T Y
S & & & & LS o & & &
D =

Figure 4. Percentage of oxidized phenolics monitored at the Amaxin presence of (A)
metAtHb1 (B) metAtHb2 and (C) metAtHb3 after 0.5 min, 1 min, 10 min and 20 min
reaction time (error bars represent standard deviations of the mean).
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Figure 5. PCA based mapping of the studied compounds using the entire kinetic
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Figure 6. Correlation circle of the variables after PCA applying upon the kinetic and
yields of the reactions for the three enzymes A. AtHb1, B. AtHb2, C. AtHb3 and the
clustering results obtained through cluster analysis on the same data (Ward’s
method, distance measure: 1-Pearson r), D. AtHb1, E. AtHb2, F. AtHb3.
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Coupling the profiles analysis, their PCA mapping and cluster analysis, one
may observe that the presence of a 3-hydroxyl group in the heterocyclic C
ring at flavonoids (quercetin) increases the reducing power of the compounds,
while the substitution with additional hydroxyl or methoxyl groups at positions 3,
5 and 7 of rings A and C seem to be less important. Glycosylation of 3-
hydroxyl group in ring C, such as at rutin, quercitrin or isoquercitrin, reduces
significantly the reducing power, most probably due to steric hindrance. This
is in good agreement with other biochemical or the electrochemical activity of
the flavonoids that they depend on the chemical structure and the moieties
orientation in the molecule [44].

CONCLUSIONS

To conclude, a set of thirteen phenolic compounds were comparatively
analysed for their reducing power for ferryl forms of the three A. thaliana non
symbiotic hemoglobins. The kinetic profiles of their oxidation processes were
analysed using PCA and cluster analysis and it was found that the three
globins are different not only in terms of rate but also in terms of mechanism,
thus, the reducing power of the studied compounds is strongly enzyme specific
with weak accuracy to be predicted solely from their chemical structure.

EXPERIMENTAL SECTION
Materials and methods

Quercetin, rutin, quercetin, isoquercitrin, caffeic acid, ferulic acid, p-
coumaric acid, vanillic acid, hydrogen peroxide (H2O.) and methanol were
purchased from Sigma-Aldrich (Steinheim, Germany). Luteolin, apigenin,
(+)-catechin, (-)-epicatechin, aesculetin, and resveratrol were obtained from
Fluka (Buchs, Switzerland). The stock solutions of the phenolic compounds
were prepared by dissolving the compound in methanol.

The three recombinant Arabidopsis thaliana non-symbiotic plant
hemoglobins (AtHb1, AtHb2 and AtHb3), each belonging to a different class
of phytoglobins were expressed in E. coli BL21 (DE3) as follows: E.coli
cells containing the expression vector were grown at 37°C and 190 rpm in
LB medium and 100 mg/L ampicillin until the ODgoo reached 0.6-0.8 (for
AtHb1 and AtHb2) followed by temperature decreasing to 25°C, then 0.3
mM hemin and 0.25 mM isopropyl 3-d-1-thiogalactopyranoside (IPTG) were

62



PROBING REDUCING POWER FOR FERRYL PHYTOGLOBINS OF SEVERAL ...

added. For AtHb3, the cells were grown at 37°C and 190 rpm in LB medium
supplemented with 100 mg/L ampicillin until the ODeoo reached 1.1 - 1.2,
then, the temperature was reduced to 28°C and 0.1 mM ferrous ammonium
sulfate, 0.25 mM 5-aminolevulinic acid and 0.3 mM IPTG was added to the
culture flask. Additionally, 40 mL LB medium saturated with CO by purging
CO gas directly into the LB medium for approximately 20 min, was added
before the flask was sealed. [46] The cells were incubated overnight at
25°C (for AtHb1 and AtHb2) and 28°C for AtHb3 at 110 rpm. Cells were
harvested by centrifugation (4000 rpm for 20 min at 4°C), resuspended in
100 mL lysis buffer pH 7.8 (300 mM NaCl, 50 mM Na;HPO,), previously
purged with CO gas for 15 min in case of AtHb3. The cells were sonicated
on ice, in the presence of 1mM phenylmethanesulfonyl fluoride. The lysate
was centrifuged (16000 rpm for 45 min at 4°C) and the hemoglobin containing
supernatant was purified using Ni-NTA-agarose affinity resin (GE Healthcare),
MBPTrap HP columns (GE Healthcare) and size exclusion chromatography.

The spectrophotometric data were acquired using Varian Cary® 50
UV-Vis Spectrophotometer equipped with temperature - controlled multi cell
holder using 1 cm quartz cuvette.

The reducing power of thirteen phenolic compounds towards the
three plant hemoglobins (ferric Hb, Fe3*-Hb) in 50 mM phosphate buffer
(Na2HPO4), pH 7.4 and temperature of 25°C was investigated. For this
purpose 0.1 mM of each phenolic substrate was transferred into a 1 mL
quartz cuvette, followed by addition of 2 uM AtHb1; shortly after 1 mM H.O,
was added and the reaction was monitored by continuously acquiring UV-Vis
spectra between 200 and 800 nm. The same procedure, under the same
conditions, was done for each phenolic substrate, only using 2 yM AtHb2;
while in the case of AtHb3 0.1 mM of each phenolic substrate was mixed
with 1 uM AtHb3, followed by addition of 0.5 mM H.O.. All experiments were
done in duplicates. The traces extracted at the maximum absorption
wavelength in time were fitted in Origin 6.1 using the function for exponential
decay with first or second order, with exception of FLV-3-OL1 and 2 which
showed hyperbolical increasing of the absorbance in time, so the values of
the absorption were transformed into exponential decay. Following the kinetic
profile of the reactions, t (time constant of the decay quantity) was estimated
and using the following equation, accordingly: t;,, = T XIn2 (reactions

T1 X Ty

following exponential decay with first order) and ¢, ,, = (reactions following

T1+ Ty

exponential decay with second order), t1 (the total half-life) was calculated;
the results are shown in Table2. For statistical evaluation, principal component
analysis and cluster analysis, Statistica 8 (Stat. Soft Inc., USA) was used.
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ABSTRACT The combination of high-performance thin-layer chromatography
(HPTLC) with image analysis (IA) and chemometrics becomes an attractive
tool for natural extracts investigations. The large variability of these samples
requires powerful image acquisition devices, multivariate image processing
techniques and advanced chemometric methods to facilitate the interpretation
of the chromatographic data. In the current study, two image acquisition devices
and different image processing procedures were investigated using the HPTLC
chromatograms of hydroalcoholic extracts of Gallium verum. Different sets of
chromatographic data were generated for both UV chromatograms (obtained
at 254 nm and at 366 nm) using images acquired with a digital camera and
an UV-Vis TLC scanner. In all cases the Principal Component Analysis (PCA)
technique was used in order to extract the information from chromatographic
profiles. Variables of gray and pure colour red, green and blue intensities of
pixels from start to front were used as input data in all cases. The results
obtained by PCA investigations of HPTLC data from UV chromatograms at
254 nm and 366 nm respectively, provided complementary information related
to the characteristics of the investigated extracts. Moreover, important steps as
appropriate color scale selection and image processing/analysis procedures
were pointed out based on the obtained results.
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INTRODUCTION

Thin layer chromatography (TLC) is a very popular analytical technique
currently used to investigate the number of components in a mixture, verify
the identity of substances, quantify numerous compounds in various foods,
pharmaceuticals and biological samples and monitor the progress of reactions.
Nowadays, due to the advantages offered by the improvements regarding
sample application technique, image acquisition systems, computer controlled
scanning instrument and image analysis software, high performance TLC
combined with image analysis (HPTLC-IA) is feasible to analyze the compounds
with overlapping chromatograms [1], quantify the fluorescent compounds [2],
investigate the antiradical activity of plant materials [3], screening the
compounds from natural extracts [4, 5] and fingerprinting analysis of various
plants material [6, 7]. Among the numerous application of HPTLC, the
fingerprint analysis is of special interest. In this area, chemometric techniques
for HPTLC data evaluation were recently employed [8, 9]. Chromatographic
data can be obtained from the chromatograms by the means of classical
densitometry, or by processing the image obtained with flatbed scanner or
different digital cameras [10-12]. Several software packages such as ImageJ,
Just TLC, Sorbfil TLC Videodensitometer and others can be used for image
processing [13-17]. Once the chromatographic data are properly recorded,
extracted, and pre-treated, multivariate data analysis methods such as principal
component analysis (PCA), hierarchical cluster analysis (HCA) or linear
discriminant analysis (LDA) can be applied to extract the most important
chemical information which lead to samples classification or to detect the
classification patterns [18-21]. The increasing scientific interest to combine
HPTLC with multivariate data analysis is a promising research field in herbal
analysis. In this area, more investigations related to the image acquisition
and image processing techniques are necessary in order to extract the
meaningful information from obtained chromatograms.

In this context, the present paper focused on transformation of HPTLC
chromatogram of Galium verum extracts into numerical data appropriate to
chemometric analysis using various image analysis procedures of images
acquired with two different systems. In our investigation, extracts of Gallium
verum (Lady’s Bedstraw) were used as test model. The plant, currently involved
in traditional folk medicine, can be easily recognized by its distinct sunny yellow
color and tiny little flowers [22-24]. As a remedy, Lady’s Bedstraw is used for
skin problems (burns, psoriasis), kidney and bladder stones and epilepsy (due
to its sedative effect). Also it is used to curd milk and as a yellow food dye.
The beneficial effects of Gallium verum extracts are generally attributed to the
biological active compounds as iridoides, flavonoids, antrakinnone, alkane and
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essential oils which are present in the plant [25, 26]. Due to this large variety of
compounds, the hydroalcoholic extracts of Gallium verum were considered as a
good input data for image processing and multivariate analysis investigations.
The aim of the study is to highlight the most appropriate steps in
image processing prior to application of multivariate data analysis in order to
differentiate various Gallium verum hydroalcoholic extracts based on their
HPTLC fingerprints. For a better understanding of extracts classification, the
available red, blue, green and gray channels will be used for chromatograms
digitization. Also the study aims to identify the factors that lead to extracts
classification according to their provenience and extraction system.

RESULTS AND DISCUSSION

Extracts from natural products are complex mixtures that contain a
large number of compounds. Usually thin-layer chromatographic profiles are
taken into consideration for quality evaluation or authenticity assays. In most of
the cases different chemometric approaches are used in order to extract
the valuable information from chromatographic profile. In the current study,
the Principal Component Analysis (PCA) technique was used as an alternative
way to differentiate various Gallium verum hydroalcoholic extracts based on
image analysis (IA) of their HPTLC fingerprints. Different aspects related to the
image acquisition and processing techniques of chromatograms obtained with
two different detection approaches (fluorescence quenching under 254 nm
and fluorescence at 366 nm respectively) were employed in order to provide
complementary information on hydroalcoholic extracts characteristics.

HPTLC fingerprint of Gallium Verum extracts

The HPTLC fingerprint analysis based on images obtained under UV
light investigation at 254 nm and 366 nm after spraying with NTS was used
to seek for characteristic patterns of Gallium verum extracts of different origin
using the advantages of multivariate image processing and principal
component analysis (PCA) tool.

Hydroalcoholic extracts of Gallium verum vegetal material commercialized
by Plafar (P) and Dacia (D) manufacturers (Romania), obtained with different
composition of extracting system (60% - 100% ethanol) were investigated. A
normal-phase chromatographic system, using a HPTLC Silica gel 60 Fass
plates and the developing solvent mixture composed of ethyl acetate: toluene:
formic acid: water (30:1.5:4:3 v/v), was employed to separate highly and medium
polar phenolics and obtain chromatographic bands with improved shapes.
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The HPTLC chromatograms (Fig.1) obtained under 254 nm and
respectively 366 nm (images acquired with digital camera) revealed differences
between D and P samples especially in upper area. Moreover, the investigation
under 366 nm revealed that the extracts are rich in some phenolic compounds
with a pattern dominated by blue and red color bands.

Figure 1. HPTLC chromatograms of Gallium verum extracts obtained using HPTLC
Silica gel 60 F2s4 chromatographic plates and mixture of ethyl acetate - toluene -
formic acid - wather (30:1.5:4:3, v/v) as mobile phase: (a) detection at A = 254 nm; (b)
detection at A = 366 after spraying with NTS (D1-D5 extracts of Gallium verum
vegetal powder commercialized by Dacia manufacturer using 100%, 90%, 80%
70% and 60% ethanol solutions; P1-P5 extracts from Gallium verum vegetal powder
commercialized by Plafar manufacturer using 100%, 90%, 80% 70% and 60%
ethanol solutions)

Based on these observations, different image processing approaches
have been applied for a complete evaluation of the chromatographic profile
of analyzed samples. Image processing through the gray (Gy), red (R),
green (Gn) and blue (B) scales were used in order to increase the detection
selectivity and differentiate between compounds according to their fluorescent
colors and quantity found in the investigated extracts.
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Data acquisition and chemometric analysis

Different sets of chromatographic data were generated for both UV
chromatograms (obtained at 254 nm and at 366 nm) using images acquired
by a digital camera and an UV-Vis TLC scanner device. In all cases, the
HPTLC chromatograms were digitized using the TLC Analyser software and
selection of the gray, red, green and blue scales respectively. According to
the different colour channels used for digitizing the HPTLC chromatograms, the
obtained profiles show different maximum and minimum values at the same
R values (Fig. 2). This finding revealed that all of the scales contribute with
important complementary information related to characteristic aspects of
investigated extracts. Moreover, it could be observed that in case of
fluorescence quenching, green and gray scales seems to provide the most
significant quantity of information related to the investigated extracts.
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Figure 2. Digitized HPTLC chromatograms obtained by processing the UV image
(fluorescence quenching) of chromatographic plate using TLC Analyser software on
different colour scale: (a) green (Gn); (b) gray (Gy); (c) blue (B); (d) red (R) scale

For more insights, the PCA technique was applied on data matrices
represented by numerical values of gray and pure RBG color intensity (as
independent variables) corresponding to the associated Rr values. Based on
the PCA investigations, the most significant results are discussed as follows.
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Using the image acquired under UV light at A = 254 nm by digital
camera, the first principal component (PC1, representing 93.89 % of the total
variance in the data set) was associated with the upper edge of the plate
(R = 0.975) while the second PC (PC2, accounting 5.96% from the data
variability) was associated with the bottom area of the plate (Rf = 0.02).
Considering also the third PC (PC3, accounting only 0.100% of data
variability) the area associated to the middle of the plate (Rr = 0.44) could
be investigated. By a graphical representation of the first two PCs (Fig. 3) no
significant differences were revealed between information provided by red
and blue scale selection while each of the gray and green scales account for
supplementary information on the investigated extracts. Moreover, by using
the green scale for investigation, a good separation of the extracts according
to the provenience (commercial manufacturers) could be observed.

PC2

-700 - . . .
-2000 -1500 -1000 -500 o 500 1000 1500 -1250 -500
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Figure 3. PCA classification of the investigated extracts (according to PC1 vs. PC2
representation) based on chromatographic fingerprints provided by UV254 image
(acquired with digital camera) digitized through the gray (Gy) and red (R), blue (B),
green (Gn) color scale selection

Considering the contribution of the PC3, the representation PC1 vs.
PC3 (Fig. 4) shows, on green and gray scale, a good separation of the
investigated samples according to their provenience.

The PCA investigations of the data matrices, provided by TLC image
(fluorescence quenching) acquired with the scanner device revealed that the
first three PCs explain 99.82% of the total variability. The PC1 variable
(accounting for 96.22% of data variability) was associated with the upper
area of the plate (Rr= 0.97) while the PC2 (accounting for 3.43% of data
variability) was associated with the bottom area of the plate (Rr= 0.03).

72



IMAGE ANALYSIS APPROACHES TO IMPROVE THE THIN LAYER CHROMATOGRAPHY ...

120

100 |

80 |

60

40

20

PC3

o}

20 |

40 b

-60 |

-80 |

-100

P5 (Gn)

P4 (G7)
P3 (Gn)
P2 (o)

b

£, )p]

-2000

-1500

-1000 -500

PC1

500 1

000

1500

Figure 4. PCA classification of the investigated extracts (according to PC1 vs. PC3
representation) based on chromatographic fingerprints provided by UV2ss image
acquired using Nikon digital camera and green (Gn), gray (Gy), blue (B) and red (R)
scale selection for image processing.

According to the PC1 vs. PC2 representation (Fig. 5), it could be
observed a differentiation of information provided by red and blue scales and
also an improved quantity of information provided by green and gray scales
respectively. As previously observed, on the green scale the samples are

classified according to their provenience (commercially manufacturers).
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Figure. 5. PCA classification of the investigated extracts (according to PC1 vs. PC2
representation) based on chromatographic fingerprints provided by UV2s4 image
acquired using TLC scanner device and green, gray, blue and red scale selection for

image processing.
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In case of the plate documented under UV at A = 366 nm both images
acquired using digital camera and UV-Vis TLC scanner device respectively
provided significant information related to the investigated samples.

The PCA investigations on the data matrices provided by digital
camera images revealed that the first eight PCs explain more than 99.48% of
the data variability. The PC1 variable (accounting for 82.26% of data variability)
was associated with the area of the plate corresponding to R=0.37 while the
PC2 and PC3 variables (accounting for 13.35% of data variability and 1.75%
respectively) were associated with the areas that correspond to a Ry values
of 0.39 and 0.93 respectively. In this case, the PC1 vs. PC2 representation
shows a good separation between information provided by each scale (Fig. 6).
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Figure 6. PCA classification of the investigated extracts (according to PC1 vs. PC2
representation) based on chromatographic fingerprints provided by UVsss image
acquired using Nikon digital camera and green (Gn), gray (Gy), blue (B) and red
(R) scale selection for image processing.

Moreover, according to the PC4 contribution (accounting for 0.66% of
data variability) a good differentiation of the investigated samples based on
the extraction system composition was achieved when grey and green scale
were used (Fig. 7)
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Figure 7. PCA classification of the investigated extracts (according to PC1 vs. PC4
representation) based on chromatographic fingerprints provided by UViss image
acquired using Nikon digital camera and green (Gn), gray (Gy), blue (B) and red
(R) scale selection for image processing.

Similar results were obtained based on PCA investigations on data
matrices provided by images acquired using UV-Vis TLC scanner device and
UV light at A = 366 nm for chromatographic plate documentation (Fig. 8). In
this case the PC1 variable (accounting for 60.55% of data variability) was
associated with the area of the plate corresponding to R values 0.36 while
the PC2 variables (accounting for 32.45%) was associated with the area of
the plate corresponding to Ry values of 0.94.
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Figure 8. PCA classification of the investigated extracts (according to PC1 vs. PC2
representation) based on chromatographic fingerprints provided by UViss image
acquired using TLC scanner device and green (Gn), gray (Gy), blue (B) and red
(R) scale selection for image processing.

75



MARIA SIMION, SIMONA CODRUTA AURORA COBZAC, DORINA CASONI

Considering PC3 which represents 2.48% of data variability, the
graphical representation of PC1 vs. PC3 revealed the tendency of samples
differentiating based on the composition of the extraction system (Fig. 9).
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Figure 9. PCA classification of the investigated extracts (according to PC1 vs. PC3
representation) based on chromatographic fingerprints provided by UViss image
acquired using TLC scanner device and green (Gn), gray (Gy), blue (B) and red
(R) scale selection for image processing.

Apart of gray, green and blue scale, the red one provides a mixed
classification of the extracts: by producer for extract 1-3 (D1-D2-D3 and P1-
P2-P3) and by extraction solvent composition for extracts 4 and 5 (D4-P4;
D5-P5).

Based on the above observations it can be concluded that the information
provided by images acquired under UV light at A = 254 nm processed on
green and gray scale are suitable for samples differentiation by their origin while
the information provided by images acquired under UV light at A = 366 nm
and processed on green, gray and blue scale are appropriate for samples
classification according to the composition of the system used for extraction
procedure.
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CONCLUSIONS

Using various hydroalcoholic extracts from dray vegetal material of
Gallium verum plant as test samples for investigations, important aspects
related to the HPTLC-IA technique combined with PCA were highlighted.

Based on the obtained results it could be concluded that for image
acquisition procedure each of the investigated systems (advanced digital camera
and UV-Vis TLC scanner device) were able to provide sufficient information
for fingerprint investigation.

The images acquired under UV light at both A = 254 nm and respectively
at A = 366 nm provides complementary information which are necessary for a
complete characterization of complex matrices such as those of extracts from
natural plants.

Good differentiation of vegetal samples having different origin (different
manufacturers) was obtained by PCA analysis of the chromatographic data
provided by fingerprints on UV254 images using green and gray scale selection
for chromatograms processing. Classification of extracts according to the
composition of extraction system can be achieved using UVsgs image
processing on green, gray and blue scale selection.

HPTLC-IA methodology combined with the PCA technique can be
considered a powerful tool in the characterization, authentication, and quality
evaluation of extracts from natural plants.

EXPERIMENTAL SECTION

Material and methods
Reagents and chemicals

Analytical grade organic solvents ethanol, ethyl acetate, formic acid and
toluene were purchased from Merck (Darmstadt, Germany). Chromatographic
separations were carried out on HPTLC Silca gel G 60 Fass (20x10) plates
purchased from Merck (Darmstadt, Germany). NTS reagent (2-aminoethyl
diphenylborinate, 98%) was from Alfa Aesar (Karlsruhe, Germany).

Sample preparation and HPTLC developments

Gallium verum dry plant for infusion, from Dacia and respectively Plafar
manufacturers (Romania), was milled and sieved. The fine powder fractions,
with particle size d, < 250 um, were used for extraction procedure. The extracts
were obtained by 15 days maceration at room temperature using 0.5 g of powder
material and 25 mL hydroalcoholic mixtures of ethanol - water in different ratio
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(100:0; 90:10; 80:20; 70:30; 60:40, v/v). All the obtained extracts were separated
from the vegetal material by filtration and stored protected from light at 4 °C
temperature. Volumes of 20 pyL from each extract were applied on HPTLC
Silica gel 60 F2s4 plate (20 x 10 cm) as 10 mm band using the Linomat 5 TLC
applicator (Camag, Muttenz, Switzerland) with an application rate of 60 nL/s.
The chromatographic separation was performed in the normal chamber 20 x
10 cm (CAMAG, Muttenz, Switzerland) with a mixture of ethyl acetate — toluene -
formic acid - wather (30:1.5:4:3, v/v/viv) up to a migration distance of 8 cm
(from the lower plate edge). After the plate was dried their documentation
was first performed under UV light at 254 nm (fluorescence quenching) and
then sprayed with NTS solution and documented under UV light at 366 nm.

Image acquisition and processing

In both cases of visualising, the plate image was captured in two ways;
using an advanced digital camera (Nikon D3100, Nikon Corp., Japan, image
size of 1922 x 952 pixel) and a specialized UV-Vis TLC scanner device (the
second-generation instrument for quantitative measurements in TLC, equipped
with high qualified Micortek 3-linear color CCD camera with a resolution of
300DPI, BioDit Technology, Co.) respectively. For the multivariate analysis of
HPTLC data, the RGB images of chromatograms visualized by fluorescence
quenching (UVa2s4 image) and under 366 UV light after spraying with NTS
(UVses image) were converted into gray (Gy), green (Gn), blue (B) and
red (R) pure color scales. The obtained images were further processed with
the TLC Analyser software (http://www.sciencebuddies.org/science-research-
papers/tic_analyzer.shtml) and transformed into numerical data.

Multivariate data analysis

Among various computational chemometric methods, especially
those classified as multivariate exploratory techniques are used to extract
systematic information often dispersed over large sets of data. The principal
component analysis (PCA), a linear dimensionality reduction technique is the
most employed in many chromatographic investigations [27-29]. This is
because of its capacity to reduce the dimensionality of the original dataset by
retaining the maximum variability of a large number of variables by few
underlying factors (principal components - PCs) which explain most of the
data variability without losing the important information. In this case the data
matrix was composed of numerical values (as independent variables) related
to intensities on separated chromatographic bands corresponding to well
defined Rr values calculated according to the total units considered from the
start to front of the plate. For PCA investigation developed on the obtained
HPTLC data the Statistica 8.0 (StatSoft, Inc. 1984—2007, Tulsa, USA) software
package was used.

78



IMAGE ANALYSIS APPROACHES TO IMPROVE THE THIN LAYER CHROMATOGRAPHY ...

ACKNOWLEDGMENTS

This work was possible with the financial support offered by Romanian

Ministry of Education, Research, Youth and Sports through research project PN-
1I-ID-PCE-2011-3-0366.

10.
11.
12.
13.
14.
15.
16.
17.

18.

REFERENCES

B. Hemmateenejad, N. Mobaraki, F. Shakerizadeh-Shirazi, R. Miri, Analyst, 2010,
135, 1747.

L.A. Fazakas, R.D. Nascu-Briciu, C. Sarbu, Journal of Liquid Chromatography
& Related Technologies, 2011, 34, 2315.

M. Olech, t. Komsta, R. Nowak, t. Ciesla, M. Waksmundzka-Hajnos, Food
Chemistry, 2012, 132, 549.

C. Tistaert, B. Dejaegher, Y.V. Heyden, Analytica Chimica Acta, 2011, 690, 148.

K. Misra, R. Tulsawani, R. Shyam, D.K. Meena, G. Morlock, Journal of Liquid
Chromatography & Related Technologies, 2012, 35, 1364.

M. Gupta, M. Singh, H.M. Mukhatr, S. Ahmad, Pharmacognosy Journal, 2010, 2,
381.

H. Wagner, R. Bauer, D. Melchart, P.-Gen Xiao, A. Staudinger, Chromatographic
fingerprint analysis of herbal medicines. Thin-layer and High Performance Liquid
Chromatography of chinese drugs, Vol. 1, Second Revised and Enlarged Edition,
Springer, Wien, New York, 2011.

R. Tian, P. Xie, H. Liu, Journal of Chromatography A, 2009, 1216, 2150.

D. Milojkovic-Opsenica, P. Ristivojevic, F. Andric, J. Trifkovic, Chromatographia,
2013, 76, 1239.

[LA. Sima (Tuhutiu), D. Casoni, C. Sarbu, Talanta, 2013, 114, 117.

P. Ristivojevi¢, J. Trifkovi¢, I. Vovk, D. Milojkovié-Opsenica, Talanta, 2017, 162, 72.
A. Bansal, V. Chhabra, R.K. Rawal, S. Sharma, Journal of Pharmaceutical
Analysis, 2014, 4, 223.

N. Popovic¢, J. Sherma, Trends in Chromatography, 2014, 9, 21.

R.T. Tian, P.S. Xie, H.P. Liu, Journal of Chromatography A, 2009, 1216, 2150.
G.E. Morlock, P. Ristivojevic, E.S. Chernetsova, Journal of Chromatography A,
2014, 1328, 104.

K.H. Wong, V. Razmovski-Naumovski, K.M. Li, G.Q. Li, K. Chan, Journal of
Pharmaceutical and Biomedical Analysis, 2014, 95, 11.

P.S. Xie, S. Sun, S. Xu, L. Guo, Journal of Chromatography & Separation
Techniques, 2014, 5, 249.

T. Tang, W. Guo, Y. Xu, S. Zhang, X. Xu, D. Wang, Z. Zhao, L. Zhua, D. Yang,
Phytochemical Analysis, 2014, 25, 266.

79



19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

MARIA SIMION, SIMONA CODRUTA AURORA COBZAC, DORINA CASONI

. P. Ristivojevié, F.Lj Andri¢, J.D. Trifkovi¢, |. Vovk, L.Z. Stanisavijevi¢, Z.Lj Tesi¢,
D.M. Milojkovi¢-Opsenica, Journal of Chemometrics, 2014, 28, 301.

G.E. Morlock, P. Ristivojevic, E.S. Chernetsova, Journal of Chromatography A,
2014, 1328, 104.

J.M. Bosque-Sendra, L. Cuadros-Rodriguez, C. Ruiz-Samblas, A. Paulina de la
Mata, Analytica Chimica Acta, 2012, 724, 1.

H. Atmaca, E. Bozkurt, M. Cittan, H.D. Tepe, Journal of Ethnopharmacology, 2016,
186, 305.

N. Chaher, S. Krisa, J.C. Delaunay, S. Bernillon, E. Pedrot, J.M. Mérillon, D.
Atmani, T. Richard, Journal of Pharmaceutical and Biomedical Analysis, 2016,
117, 79.

M. Tamas, D. Stana, S. Timis, Notulae Botanicae Horti Agrobotanici Cluj-
Napoca, 2006, 34, 1842.

L.O. Demirezer, F. Urbuz, Z. Guvenalp, K. Stroch, A. Zeeck, Turkish Journal of
Chemistry, 2006, 30, 525.

A. Chevallier, Enciclopedia of Herbal Medicine, Ed. DK Penguin Random
House, 2016, 214.

D. Casoni, C. Sarbu, Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, 2014, 118, 343.

A. Kume, S. Kawai, R. Kato, S. Iwata, K. Shimizu, H. Honda, Journal of Bioscience
and Bioengineering, 2016, 20, 1.

K.K. Vasan, B. Surendiran, Perspectives in Science, 2016, 8, 510.

80



STUDIA UBB CHEMIA, LXIl, 2,Tom |, 2017 (p. 81-93)
(RECOMMENDED CITATION)
DOI:10.24193/subbchem.2017.2.06

Dedicated to Professor Costel SGrbu on the
Occasion of His 65 Anniversary

ALGORITHM FOR ASSESING SOIL REHABILITATION OF
STERILE DUMPS

ANDREEA BRASOVAN?, RAMONA FLAVIA BURTESCUP,
NELI-KINGA OLAH"®", IOAN PETEAN¢, VLAD CODREA?,
ANDREI BURTESCU®

ABSTRACT. lleana Veche is the most representative waste rock (sterile)
dump formed by the coal mining activities in Lupeni (Petrosani Basin). We
developed an algorithm based on the computational engineering concepts
in order to establish the connection between the waste rock soil particles
composition and the dump rehabilitation by Scots Pine (Pinus sylvestris).
The results show that the lleana Veche pit coal dump features minerals
suitable for plants growth like: calcite, biotite, potassium feldspar and
chemically inert one as quartz. The quantitative measurements prove that
the soil minerals are enough to allow a fair growing of the P. sylvestris
population able to start the soil type conversion from the entiantrosoil type
to a more fertile one. The measurements found that the upper soil presents
humus formation and features nitrogen and phosphorous while in the
deeper layer are missing.
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INTRODUCTION

Petrosani is one of the main post-tectonic sedimentary basins of the
Southern Carpathians. The sedimentary fillings are composed of Paleogene
and Miocene deposits [1]. Several Paleogene coal beds were and still are
exploited. The main coal deposits occur in the so-called “second (middle) horizon”
or “lower productive”, part of the Déalja-Uricani Formation (early Eggerian) [2].
This formation bears 22 coal beds, but only 11 are thick enough to have
economic value. The sedimentary succession includes repetitive interleaving of
lacustrine (bituminous shale, coal), brackish (clay, marl, dysodyle shale) and
subordinate marine deposits [1-3]. The bituminous coal was under the influence
of the tectonic metamorphism, i.e. pressure and temperature due to the basin
compression after its filling with sediments [4]. Such mining exploitation involved
coal and sterile rocks (waste rock), which is stored in sterile dumps.

lleana Veche was the first dump resulted from Lupeni mining processes.
It was built up by sterile discharging directly from the trolleys on a suspended
railway system. It is oriented on east-western direction as a particularly
consequence of sterile deposing. The dumping ceased in 1980. Nowadays it
is fully covered by pines (P. sylvestris) that seem to record a healthy growth.
Planting trees is a proper solution to fix and greening the coal dumps as
reported in literature [5, 6]. P. sylvestris was also used abroad in cases of
settling [7] and for plant-rehabilitation of the coal dumps [5, 6].

However, the dump was rebuilt in the last years in terraces and
platforms, with low slope angles [8, 9, 34, 35]. To reduce the out-flow from
the dump, two drainage systems were built, one on the northern side of the
dump, which was connected to second drainage system on the western side.

According to the actual soil taxonomy, the soil covering this coal dump
belongs to entiantrosoils [10, 28]. Studies on these soils issued from industrial
works, in terms of composition and morphology can yield important data for
dump rehabilitation [11, 12]. The landfills and dumps rehabilitation are very
important works during environment ecology processing [5, 6]. Some recent
studies are following this trend also in Romania [13, 11, 12].

The environmental analysis and prediction tendency are to use
modern computational algorithms [14, 15]. Even the environmental rehabilitation
supported computational treatment and monitoring [16]. Recently, the
computational and engineering algorithms are employed to modeling physical
phenomena such as thermodynamic processes [17]. Such approach could
be extended to other processes such as landfill and dumps rehabilitation.
Further, we develop an algorithm to evaluate the rehabilitation process of
lleana Veche sterile dump.

82



ALGORITHM FOR ASSESING SOIL REHABILITATION OF STERILE DUMPS

The measure of the dump rehabilitation is related to the satisfactory
response to the critical questions raised by the designed algorithm. The
specific analyses performed on the soil samples leads to an answer to the
algorithm questions. Further, the algorithm shows whether the rehabilitation
process is well developed or not.

RESULTS AND DISCUSSION

The sterile resulting from the technological flow of coal exploitation
is deposited in waste dumps. This constitutes the dumps entiantrosoil. In
this case appear certain critical questions affecting the dump rehabilitation,
ie the entiantrosoil transformation into a more fertile soil [18, 19, 36]. As
mentioned before [17], some operational steps could be modeled by a general
logic cycle instruction as presented in Eq. (1):

DO WHILE (CONDITIONS)

BEGIN

Cycling instructions

END (1 )

=LC

The algorithm could use such cycled instructions (LC) for each critical
questions regarding the dump rehabilitation. Furthermore, the final algorithm
will have a form like Eq. (2):

REHABILITATION ALGORITHM
BEGIN
LC, - LC, - LC,

We designed the algorithm suitable for any pit coal sterile dump
rehabilitation considering the critical questions and presented cycling instruction.
The logical scheme for the designed algorithm is presented in Fig.1. and it is
suitable for any programming environment. It features all elements necessary
for a proper computational program; each critical question “Q” represents the
cycling condition for each step meanwhile the remedy “R” represents the cycling
instruction. The “remedy” is cycled while the answer to the critical condition
“Q” is proper. Once a step is passed, the following step is cycled until the
FINISH instruction occurs.

Our research has been made for two soil samples, one from the
surface (AS1) and another from a depth of 1 m (AS>).
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REHABILITATION ALGORITHM
I

START

Subject: PIT COAL STERILE DUMP

A

QI: Are any potential harmful mineral in exploited pit coal? R1: The sterile must be decontaminated from pit coal traces | _|
before dumping

o
4

YES

Q2: Are any potential harmful mineral in resulted sterile? R2: The sterile must be neutralized

o
<

R3: The sterile soil must be emriched wit minerals containing ||
Ca, Mg, K, Al Fe..

(Q3: Sterile particles contains mineral able to release ohigoelements?

&
<

R4: The sterile dump nst be consolidated by planting
vegetal species

Q4: Are planted some vegetal species on the dump?

]
«

Q3: Are the vegetal species well developed? R.3: The natural fertilizer must be used

4
-«

Q6: Are detected traces of humus in the soil at the roots level? R6: Tere must be emproved the solification conditions

STERILE DUMP REHABILITATED

FINISH

Figure 1. The sterile dump rehabilitation algorithm

Q1 question refers to the mineralogical composition of exploited coal
and the possible/potentially harmful effect to the environment. The answer
to this question has been elaborated in mineralogy and crystallography
analyzes achieved by average coal sample. The diffraction results are shown
in Figure 2.

The general appearance of the diffractogram (fig 2.a) shows an
amorphous mass base conferring a specific allure with a ,hump”. We observe
that the overlapping variation identified distinct diffraction peaks which
exceed the neutral background radiation. They are the result of the presence
of accompanying minerals. Following the standard procedures has been
identified these components.
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h - Hematite
f- Feldspar K
q - Quartz
5 - Sericite

a

20 30 40 a0 &0 70 a0 a0 100
2 theta, degree

Figure 2. The pit coal from Lupeni average representative sample APCS:
a) X-ray diffraction pattern and b) optical cross polarized light microphotograph

In the coal from E.M. Lupeni have been identified the following
minerals as crystalline constituents in coal sample: - SiO; quartz, - Fe;03
hematite, sericite, KAlz(SizAl)O10(OH,F)2, - K(AISi3Og) potassium feldspar.

Minerals found in the average coal sample correspond to the
chemical composition reported in previous studies [20, 21, 22]. Low mineral
content is proven by small peaks present in the diffractogram (fig. 2.a). Optical
microscopy in polarized light confirmed the results obtained by X-ray diffraction,
(fig. 2.b). Are observed quartz particles with gray-green color, with a diameter of
25 um, potassium feldspar particles which appear bright white with a diameter
of 200 um, hematite particles which color vary from dark blue to gray and
then to brown-red, depending on the particle position toward the optical
microscope axis.

The diffractogram allure is specific to an amorphous material, represented
by the carbon mass specific to the coal. There were identified diffraction peaks
specific to quartz, potassium feldspar, sericite and hematite, but with a very
low relative intensity in relation to the diffractogram background. The minimum
concentration of the crystalline compound identifiable with DRON 3 diffractometer
is between 1-3% depending on the specificity and sample preparation. Diffraction
peaks identified in diffractogram (fig 2.a) are very close to the detection limit,
because it comes from a crystalline material content a little over 3%. The fact
itself indicates a very low content of crystalline material in the composition of
investigated coal.

The information from literature indicates the ash content of the burning
coal between 5-40% [4], that means between 5 and 40% sterile inclusions,
which are usually present in crystalline form. Consequently by X-ray diffraction we
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can appreciate the content of crystalline material accompanying the investigated
coal samples, to be around the 5%, value for the summe of crystalline
compounds. Therefore the investigated coal samples from Lupeni are of the
highest quality. All minerals found in the average coal sample are commonly
found in the natural environment and does not generates pollution risk.

The results of elementary analyzes performed for sample are consistent
with the results obtained by Rebrigsoreanu 2002 [22]. The major component
is the silicon from quartz. Silicon, aluminum and potassium oxides are found in
potassium feldspar and sericite. Fe2O3 iron oxide crystallized in the rhombohedral
system is present in hematite.

Crystalline inclusions from coal sample can be found in sterile dump
only in certain circumstances, but their dominant effect is found in ash from
burnt coal. Recent studies show that potassium feldspar and sericite is converted
to mullite, while hematite is dried and becomes goetia [23]. The sterile dump is
not normally exposed to intense combustion, therefore it is expected that some
crystalline phases to maintain a long period of time. In addition, it is
possible that some crystalline inclusions from the carbon not to be
found in sterile dump due to different petrogenesis.

The answer to the critical question Q1 is negative, which can
be observed from the results of average coal sample measurements.
This means that we could pass to the evaluation of critical question Q2. This
item refers to the mineralogical composition of the soil samples AS+,
AS2, for the sterile dump lleana Veche from Lupeni.

1 b - Biotite
¢ - Caleite
f- Feldspar K
q- Quartz

20 3ID 4ID SID EID ?ID BID 9ID 100
2 theta, degree
Figure 3. X-ray diffraction patterns for the soil samples collected
from lleana Veche — Lupeni sterile dump: a) AS+ and b) AS:2
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The two soil samples AS1 and AS, collected from the sterile dump
were investigated by X-ray diffraction and the obtained patterns are shown
in Figure 3. In both samples are observed diffraction peaks well defined
and different stages of crystallization.

AS, collected from the roots level of P. sylvestris is rich in quartz
and potassium feldspar (minerals encountered in average coal sample). We
also found significant amounts of CaCOs - calcite and HsKaMgsAl2SisO24 —
biotite. The minerals found in AS; are very similar to those found in soil samples
from the sea buckhtorn level roots of the West Well 7 from Vulcan sterile
dump [24]. These minerals come from sterile intercalations of coal layers of
sedimentary formation Dalja-Uricani represented by sandstones and marl.

Therefore, quartz is the major component of sterile dump, about 50%, as
evidenced by the diffractogram (fig. 3), in which the diffraction peaks are
100%. Diffraction peaks for other minerals not exceed 50% and are represented
in AS1 by potassium feldspar, calcite and biotite. Elemental analysis provides a
more precise distribution of the elements from ASi. Lack of hematites and
sericites from AS1 and AS, shows that coal is well sorted / separate from
sterile.

'».“. 4 ";“:\- !

AU TRTRY R o T8
C

Figure 4. Optical microscopy inspection of AS+and ASz samples:

a) AS1 transmitted light; b) AS1 cross polarized light;
c) ASz transmitted light; d) AS2 cross polarized light.
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X-ray diffraction pattern for AS; (fig. 3) reveals similar mineralogical
aspects as AS4, because also in this sample we find quartz, potassium
feldspar, biotite and calcite particles. This proves that both samples were
collected from the same sterile dump and come from sediments present
between coal layers from Lupeni. This gives a negative answer the critical
question Qq.

Critical question Qs refers to the ability of soil to release oligoelements
as Ca, Mg, K, Fe, Al, useful for vegetation developement. The answer depends
on the resulting data from X-ray diffraction reported to the microstructure
sample.

AS1 sample provides information about the particle size between 20
and 150 um as shown in Figure 4.a. The distribution of particles is unusual
as an aspect for industrially processed particles [23]. Further data was
obtained by optical microscopy in crossed polarized light (fig. 4.b). In this
figure it can be observed the quartz minerals such as grain, yellowish-brown
calcite, potassium feldspar and biotite (the reddish-brown due to the presence of
Fe and Mg), in diameter around 20 um related to the organic material. The
organic material is expected to be humus formed by P. sylvestris roots that
populate the sterile dump.

AS; microstructure (fig. 4.c) reveals a totally different particle distribution
than AS4. The particles are well dispersed, individually disposed, without
any binder. The crossed polarized light (fig. 4.d) reveals a large amount of
quartz and calcite minerals, similar to spherical grains with average
diameter around 20 uym, while the potassium feldspar and biotite has a
lamellar - tabulated form with an average plan diameter of 15 pm. In terms
of the microstructural investigations AS; is an initial entiantro-soil while AS1
is a rehabilitated soil.

The quartz particles are stable physically and chemically, representing
the foundation soil. Calcite particles are very sensitive to interaction with water,
being able to release Ca?*. Recent studies have revealed that the clay minerals
are capable of releasing ions under conditions of high humidity [25, 26].
Considering this hypothesis, the AS; and AS; soils are able to provide the
most important oligoelements required to develop vegetation. The potassium
feldspar is able to release K* and Al**, while the biotite is able to release
Mg?* and Fe®*. This is supported by X-ray fluorescence analysis for AS1 and ASy,
the data are presented in Table 1.

Table 1. The XRF elemental analysis results for the soil samles

Compound |[Si* APt Fe®* Ca? K* Mg?*
AS1, wt% 45.5 8.83 4.37 4.09 1.65 1.03
AS2, wt% 49.5 8.65 4.69 3.90 1.43 0.82
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The data from the Table 1 show that the sample AS; is able to supply
enough Ca, Mg, K, Fe to sustain a vegetation developement. The answers to
the Qs critical question is definitely affirmative, and the evaluating of the
rehabilitation process could move forward to the following critical questions.
The visual investigations performed on the sterile dump during the samples
collection, answer affirmative to the critical questions Q4 and Qs, which prove
that the minerals from the sterile particles are to ensure the good development
of the population of P. sylvestris. The covering the sterile dump with pine
plantations proves to be a good method of rehabilitation. The results are in
accordance with previously published data [7].

A critical question to the designed algorithm remains the Qs question.
Answering this question is beside the soil analysis, much improved and
presented in Table 2 with the standards values [27].

Table 2. Results of soil formation parameters

Soil formation Sterile dump lleana Veche
parameter AS AS: | Standard values Evaluation
pH 7.20 | 7.08 0-14 Neutral
Humus, % 9 0.32 2.57-15 Good content at roots level
Total nitrogen, % | 0.46 | 0.05 0.02-0.77 Moderate content
Phosphorus, ppm | 0.11 0.06 Max. 11 Low content
Potassium, ppm | 60.00 | 20.00 Max. 96 Moderate content

The pH of the AS: sample is very close to neutral value, which
proves the balance between the acid behavior of the feldspar and biotite
particles in contact with water, than the calcite particles, which proves an
excellent basic behavior. Humus value is 9% for AS1 while as for AS; is
almost absent. The lack of humus in depth, in AS; sample shows that the
soil-forming agent is the life cycle of P. sylvestris population.

The transition from the AS; entiantrosoil to the fertile soil of the AS,
sample is also evidenced by the absorption of nitrogen and phosphorus from
AS, particles, which is closely related to pine roots action. The measured
value for potassium is significant and corresponds to a common fertile soil with
moderate potassium. This can be explained by the stable chemical bonds
achieved of K* in the structure of potassium feldspar which influences the
release of the K* ion in the aqueous solution. Finally, the answer to the critical
question Qg is affirmative, and we can conclude that lleana Veche dump
rehabilitation is well done.
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CONCLUSIONS

The designed algorithm proves to be suitable for assessing of the
sterile dump rehabilitation through critical questions which refer to the influence
of the soil mineralogical composition on the vegetation growth. This clearly
shows that the successful rehabilitation of the sterile dump depends on the
soil mineralogical composition. The designed algorithm could be developed
into a proper programming environment with a better standard parameters
database. It could be made in such a way to evaluate the state of sterile
dump rehabilitation and to anticipate the needed measures to achieve a good
level of rehabilitation. This algorithm can be applied as in the case of sterile
dump West Well 7 from Vulcan which is rehabilitated with sea buckthorn or
for the sterile dump from Campu lui Neag where we find more tree species
and wild rose.

We employed a new modeling concept based on computational
engineering in order to establish the relationship between the sterile soil
particles composition and the dump rehabilitation by P sylvestris. Our
measurements established the mineralogical composition of lleana Veche
pit coal dump soils, with quartz, calcite, biotite and potassium feldspar. The
minerals found in soil are also found as inclusion minerals into the pit coal,
along with few traces of hematite and sericite. However, we observe that
the pit coal composition do not affect the mineral composition of the sterile
dump soil, organic matter being less than 1% in initial state. The quartz particles
are a very good support for a proper soil formation. Calcite, biotite, and
potassium feldspar represent proper vegetation source with oligoelements
such Ca, Mg, K, Fe and Al in the presence of water.

The increasing value tendency of oligoelements in upper soil AS,
was observed. Considering each modeling step evaluation, it results that the
lleana Veche pit coal dump has minerals suitable for vegetation growth (quartz,
calcite, biotite and potash feldspar). The quantity of oligoelements provided
by the soil minerals is enough to support the growing of the P. sylvestris
population. According to this proposed computational model, the humus
presence and the adsorption of phosphorous and nitrogen at the soil level
confirms that the P sylvestris population induce the transition from the
entiantrosoil category to fertile one. Finally, we may conclude that the rehabilitation
of lleana Veche pit coal dump achieve a good level of rehabilitation.
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EXPERIMENTAL SECTION

Soil sampling

The soil samples were collected from the top surface and froma 1 m
depth (beneath the P, silvestris roots), in ten representative collecting locations
over the dump’s surface. The average representative soil samples were obtained
by mixing equal amounts from each sampling point. It result the top surface
average sample (AS+) and depth average representative sample (ASy). The pit
coal samples from Lupeni exploitation were collected from at least five different
sorts. Each pit coal sample was grinded and equal quantities of resulted
powder were mixed into an average pit coal sample (APCS).

Mineralogical analysis

Mineralogical analysis was performed on the average samples by
X-ray diffraction (XRD) analyses, using DRON 3 diffractometer with data
acquisition module and Matmec V1.0 software, the X-ray characteristic being for
cobalt Co ka. The diffraction peaks were identified using Standard X-Ray
Diffraction Data Base — MATCH 1.0 from Crystal impact Co. The results
obtained by X-ray diffraction were certified by the optical microscopy analysis,
using a Karl Zeiss Jena mineralogical optical microscope.

The elemental analysis was performed according to the standard
sampling and operating procedures using a Rigaku ZSX100 X-ray fluorescence
spectrometer (XRF) in order to measure the main elements corresponding to
the minerals identified by XRD. There was used a WDXRF wavelength detector
for a wide range of atomic species. The samples were dried at 80 °C for 12 h,
powdered (325 mesh) and mixed with boric acid in a 1:4 ratio (100 mg of
sample and 400 mg of H3sBO4). The mixture was pressed at 203 MPa for 10
minutes, obtaining 2,5 cm diameter pellets of 100 mg/cm? surface density.
The results are read with the Spectra Plus software and the determination of
elements is done using Dyna Match international database. The measurements
and readings were made according to EN ISO 9001:2000. The final value
represents the average of reading for 3 similar samples for both AS1 and AS;.

The pH determination was performed on a potentiometer device
INULAB®. The humus content in the AS sample was measured by titration
using Walkley-Black method [29, 30].

The nitrogen measurements were performed on a Panas-Wagner device
according to the Kjeldahl method [31].

The phosphorus and potassium determinations were measured by
Nikolov and Egner, Riehm, Domingo methods [32, 33] using a METERTECH
SP 830 PLUS spectrometer.
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LOW CRYSTALLINITY NANOHYDROXYAPATITE PREPARED
AT ROOM TEMPERATURE
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ABSTRACT. In order to obtain a low crystalline nanohydrxyapatite (HAP),
suitable for biomedical application, a new synthesis procedure was developed,
based on the aqueous precipitation method, at room temperature, without any
additives. Accordingly, lyophilized HAP powders, both calcined and non calcined,
were prepared, and characterized by XRD, TEM and AFM imaging, FTIR
spectroscopy, zeta potential and BET measurements. The results confirmed
HAP as the only phase present. The high porosity of this nanomaterial is
attained. The nanoparticle size and shape as well as the crystallinity degree of
the obtained HAP samples were also determined.

Keywords: nanohydroxyapatite, chemical synthesis, XRD, TEM, AFM, FTIR,
BET

INTRODUCTION

Hydroxyapatite, Ca1o(PO4)s(OH)2, (HAP) is a preferred material for
hard tissue replacement, due primarily to its bioactivity and biocompatibility.
Most physical and chemical properties of synthetic hydroxyapatite are largely
influenced by the preparation conditions. Wet chemical methods are considered
as most capable to achieve controlled shapes and sizes of HAP particles, by
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the variation of synthesis parameters [1]. In the precipitation method, based
on the reaction of calcium nitrate and diammonium hydrogen phosphate in
aqueous solutions at basic pH (over 10), a rather long maturation stage is
needed for their full conversion to the less soluble and thermodynamically most
stable product, HAP, with a high crystallinity degree [2]. But here we are
interested in a small size of nanoparticles and low crystallinity, which jointly
with a high porosity of the material should assure a good biological activity,
for potential biomedical use. Following our syntheses of different calcium
phosphates, more or less substituted [3-5], we designed a preparation
procedure for pure HAP, without the addition of other substances, at room
temperature, and without maturation at higher temperatures.

RESULTS AND DISCUSSION

X-ray diffraction patterns were obtained for the noncalcined (sample A)
and calcined (sample B) lyophilized HAP powders. In Figure 1 the spectra for
sample A and sample B are compared with the PDF 74-0565 for stoichiometric
hydroxyapatite. For both samples, hydroxyapatite is the only crystalline
phase present. The calcination at 300°C could not bring about a conversion
to B-tricalcium phosphate, which might be possible only at much higher
temperatures. The highest peak occurs at a 28 value about 32°, and corresponds
to the (211) peak of HAP [6]. Rather broad peaks are observed in Fig. 1.

ﬂ
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Figure 1. XRD patterns for sample A (a) and sample B (b),
compared with PDF 74-0565 for stoichiometric hydroxyapatite

Such peaks can result from either a poor crystallinity or a very small
crystal size [7], and for small crystallites it is difficult to discriminate between
these two factors [8]. The crystallite domain is estimated as 13.8 nm (sample A),
and 15.1 nm (after calcination, sample B), while the crystallinity degree is 21.3%
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(A), respectively 23.1% (B), so here both causes apply. For a fast mixing of
reactants, as in our experiments, the decreased HAP crystallinity was also
observed [9], as an outcome of the supersaturation and local inhomogeneity
resulted from the rapid mixing of the phosphate and the calcium containing
solutions. Calcination brings about a slight increase, both in crystallite size
and crystallinity degree, as found also for related situations [10].

TEM images for the aqueous dispersion of sample A (an example in
Fig. 2) show acicular (rod-like) formations, which at higher resolution prove to
be filiform assemblies of small nanoparticles. Most of these needles have a
length in the range of 50 — 70 nm, while a few attain even over 100 nm; their
diameter is the diameter of a nanoparticle, namely about 10 nm. These
observations are similar to those found in the state of the art for related systems.
Rod-shaped crystals with diameters 10-60 nm and lengths 200-500 nm
were observed for HAP obtained at a temperature of 37 °C, aged overnight,
and air dried [11]. Rods formed by smaller particles with sizes around 5 nm
were also observed [7].

Figure 2. TEM images of sample A dispersed in water;
the bars in the images are 200 nm (a), and 100 nm (b)

The FTIR spectra are compared in Figure 3 for lyophilized samples
without calcination (A) and after calcination at 300 °C for 1 h (B). The spectra
were normalized to 1 for the highest absorption peak and shifted along the y
axis for comparison. The characteristic absorption bands corresponding to
the vibrations of the PO4 and OH groups of hydroxyapatite are present.
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Figure 3. FTIR spectra of lyophilized samples without calcination (A)
and after calcination (B); the spectra are normalized

The most intense band is that corresponding to the asymmetric PO4
stretching mode vs; it has two peaks: the highest at 1036 (A), and 1043 cm™'(B),
the lower at 1093-1094 cm-'. They are characteristic for stoichiometric HAP, but
the presence of type B carbonate substitution (wave number 1045 cm™) could
contribute to the shift of one of the main peak to higher wave numbers [12]. The
symmetric PO, stretching mode v is IR-inactive for the ideal tetrahedral
symmetry (Tq) of the group, but the deformation of the PO, tetrahedron in the
apatite lattice lowers its symmetry [13, 14], so an absorption peak appears
with low intensity at 962 cm™'. The bending modes of PO, appear at lower wave
numbers. The asymmetric bending vs (triply degenerate for T4 symmetry) [15]
generates a band with two peaks, at 565-567 and 603-604 cm'. The symmetric
bending mode v- gives only a low intensity maximum at 472-473 cm".

The characteristic OH peaks appear at 3569-3570 and 632-633 cm-"
and are an indication for the appropriate stoichiometric ratios in the synthesis
of HAP [16,17]. The first peak is due to a stretching OH vibration [18,19] and
is superposed on the broad band with maximum at 3431-3433 cm™ due to O-H
stretching vibrations in absorbed water molecules [20] with hydrogen bonding
O-H...O in the samples. The HAP OH band appears more distinct in the calcined
sample (B), probably because of a partial loss of absorbed water by calcination,
and a corresponding diminution of its broad absorption band. The peak at
632 cm corresponds to the OH libration band. The band at 1633-1635 cm™"
originates from absorbed water.
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The bands at 1455-1457. 1415-1421 and 875-878 cm™' are assigned
to COs? (asymmetric stretching vs and out of plane bending v the last) [21],
originated from the interactions of HAP with CO. absorbed by the samples
from the atmospheric air. In the samples calcined at 300°C these bands are
attenuated.

20 40 60 80 100
Lateral distance, nm

b c

Figure 4. AFM images for sample B adsorbed on glass support for 10 s:
2D- topography (a), 3D-topography (b) and cross section profile (c)
along the arrow in panel (a); scanned area of 1uym x 1um.

Carbonated HAP can contain CO3s? ions substituting for OH- (type A)
or for PO4* (type B). While biological apatites are mostly type B, synthetic
HAPs are of mixed type (AB) [22]. The bands ca. 1415 and 1450 cm™ are
characteristic for type B or AB [23]. The presence of CO3* may improve the
bioactivity of HAP rather than being a cause of concern [24].

In the spectra of our samples are missing the bands assigned to
vibrations of non-apatitic HPO4% ion, at 530-540 cm™ [12, 25] or 1125 and
1145 cm™ [12], as well as maxima characteristic for non-stoichiometric apatites
(1018 cm™) [12]. This confirms the phase purity of the obtained HAP samples,
as evident also from the XRD patterns.

Some typical AFM images are given in Figure 4 for the calcined HAP
sample (B). They include 2D and 3D topographical images, and cross section
profiles along selected directions in the 2D topography. The images are
consistent with the results of TEM and XRD investigations regarding the
shape and size of nanoparticles.

The samples presented low positive zeta potential values. For instance
the lyophilized not calcined sample A had ¢ = 6.71 mV. This positive potential
could be a consequence of ionization (release of OH" ions in the solution).

The BET measurements revealed a rather high specific surface area:
144 m?/g for the not calcined sample. By calcination the specific surface area
is diminished to 91 m?/g, as an effect of nanoparticles sintering, while the
pores specific volume is rather unchanged (0.332, respectively, 0.361 cm3/g).
The values are comparable with reported data for related circumstances [26];
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for instance “as precipitated” HAP made at room temperature was reported
to possess a surface area of 90 m?/g, after oven drying, and 113 m?/g after
freeze-drying [27]. The adsorption-desorption isotherms are of type IV. The
most probable pore radius was 7.7 nm, so the samples can be classified
as mesoporous materials, according to the IUPAC notation [28], with pore
diameters between 2 and 50 nm. Since the nanoparticles themselves (TEM
images) are not porous, this porosity results mainly from the agglomerations
of nanoparticles.

CONCLUSIONS

The proposed chemical preparation method, by precipitation in
aqueous phase, without any organic and inorganic additives (surfactants,
templates), at room temperature and without a long maturation stage resulted
in a low crystallinity nanostructured hydroxyapatite. Together with its high
porosity, these properties should assure a good biological activity, which
recommend this material for biomedical applications, along with substituted
hydroxyapatites, containing silicon [29], zinc [26], strontium [30], magnesium
[5] or silver [31].

EXPERIMENTAL SECTION

Nanostructured hydroxyapatite was prepared by a simple method,
starting with two solutions: (a) a 0.25 M calcium nitrate solution, obtained
from Ca(NOz3)2-4H-0 (pure p.a., Merck) dissolved in ultrapure water, with 25%
ammonia solution, in order to assure a pH value of 8.5, and (b) a 0.15 M
diammonium hydrogen phosphate solution, prepared from (NH4)HPO, (pure
p.a., Sigma-Aldrich) dissolved in ultrapure water, with 25% ammonia solution
added to assure a pH value of 11. The two solutions, at room temperature
(22°C), were quickly mixed, using a peristaltic pump and an impact reactor
type Y for the two fluid streams, containing the reactants in stoichiometric ratio.

The obtained dispersion, without any subsequent treatment, in the
presence of the mother liquor, was filtered (Filter Disks Munktell, grade:
382), and washed with ultrapure water (until no nitrate ions were detected).
A wet precipitate (paste) was obtained. Sample A (lyophilized powder) was
prepared by further processing of the precipitate: it was dried by lyophilization
(freeze drying) at -50°C at a pressure of 0.040 mbar (0.03 torr), and the
obtained material was dispersed by grinding in an agate mortar. Sample B
(calcined lyophilized powder) was obtained by calcination of sample A at 300 °C
(for 1 h).
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The samples were characterized by X-Ray Diffraction (XRD) investigations
used a DRON-3 diffractometer, in Bragg-Brentano geometry, equipped with
a X-ray tube with Co K, radiation (wavelength 1.79026 A), 25 kV/20 mA.
Phases were identified by comparing the peak positions of the diffraction patterns
with PDF files such as PDF 74-0566 for stoichiometrical HAP. The average
crystallite size for these samples was evaluated by the Scherrer method, from the
width of the most intense diffraction peaks, measured at half-maximum. The
crystallinity degree of the samples was also estimated.

The samples were observed with a transmission electron microscope
(TEM, JEOL — JEM 1010). The HAP aqueous dispersion of sample A (paste),
needed for TEM imaging, was prepared by ultrasonification, using a high intensity
ultrasonic processor Sonics Vibra-Cell, model VCX 750, for 5 minutes, at
room temperature. From their aqueous dispersion, the particles were adsorbed on
the specimen grids, while the excess solution was removed with filter paper
and the samples were air dried. TEM images have been recorded with JEOL
standard software. Atomic force microscopy (AFM) images were obtained
using the AFM JEOL 4210 equipment, operated in tapping mode [32-41], with
standard cantilevers having silicon nitride tips (resonant frequency in the range of
200-300 kHz, spring constant 17.5 N/m). The particles were adsorbed (horizontal
adsorption) from their aqueous dispersion for 10 s on glass. Different areas
from 10 um x 10 ym to 0.5 ym x 0.5 ym were scanned on the same film. The
images (2D- topographies, phase and amplitude images, and cross-section
profiles for the adsorbed HAPs layer, along a selected direction) were processed
by the standard AFM JEOL procedures.

FTIR spectra were measured on KBr pellets, containing the sample
powder with a FTIR spectrometer JASCO 6100 in the 4000-400 cm' range
of wave numbers, with a 4 cm™ resolution. Zeta potential measurements were
performed using the Malvern Zetasizer Nano-ZS90, on the aqueous dispersions
of lyophilized non calcined and calcined samples. BET analysis was achieved
with an automated Sorptomatic 1990 instrument, with nitrogen adsorption at
77 K. The calculation of surface area was made in the P/Po range between 0.03
and 0.3, and the total pore volume was determined at P/P, = 0.95. Before
the analysis the samples were outgassed for 6 h at 70 °C.
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SYNTHESIS AND SPECTROSCOPIC CHARACTERIZATION
OF HYBRID MAGNETIC NANOPARTICLES,
BASED ON FE@AU AND PYRROLE

MARIA-LOREDANA SORAN®, OVIDIU PANA?, ALEXANDRINA NAN?,
CRISTIAN LEOSTEAN?, IOAN BRATU?

ABSTRACT. The synthesis and characterization of Fe@Au and Fe@Au
covered with pyrrole and pyrrole functionalized with N-succinimide is presented.
The synthesis of Fe@Au nanoparticles, with diameters between 5 -7 nm was
performed by the reverse micelles method. The hybrid composites Fe@Au
nanoparticles covered by the pyrrole copolymer were obtained by chemical
oxidative polymerization of a mixture of pyrrole and substituted pyrrole with
N-succinimide monomers in water. The properties of these composites were
investigated by transmission electron microscopy and FTIR spectroscopy.

Keywords: Nanopatticles; Iron; Gold; Polypyrrole; N-succinimide

INTRODUCTION

Various types of magnetic nanoparticle systems have been subject
to a considerable interest in the last few years from both fundamental and
applicative point of view [1-3]. Generally, when the sizes of the magnetic
particles are decreased to the nanometric scale, a transition occurs from
polydomain magnetism to monodomain magnetic systems [4-5]. A system of non-
interacting nanoparticles displays the superparamagnetism phenomenon [6].
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Besides the adjustment of dimensions, additional control and design of
magnetic nanoparticles could be achieved by developing core-shell structured
nanosystems. This type of particles has drawn the attention since they allow
the tailoring of the combined surface and core properties providing also an
increased number of applications [7-9]. Among the core shell nanoparticles
those formed with magnetic core and having the outer shell formed by noble
metals have drown interest since one obtains an enhancement of the thermal
and chemical stability of nanopatrticles, an improvement of the solubility [10-
14]. For instance, an outer Au shell makes them less cytotoxic and allows the
functionalization by attaching other molecules to the surface of the particles.
In certain cases, the shell also prevents the oxidation of the core material [7].
The coating of the magnetic nanoparticles with polymers represents a new route
for tailoring the properties. It could be achieved by controlling the polymer
composition and structure [15]. In the present study we report the synthesis,
characterization (mainly spectroscopic) and possible applications of the iron-
core and gold — shell (Fe@Au) nanoparticles covered with copolymer between
pyrrole and pyrrole functionalized with N-succinimide (PPy-NHS).

RESULTS AND DISCUSSION

As an example, the TEM image of an ensemble of Fe@Au core-shell
nanoparticles is shown in Fig. 1a. It corresponds to the FA1 sample from Table 1.
In the Fig. 1b it is presented the TEM image of the hybrid composite formed by
Fe@Au nanoparticles and the Py/Py-NHS copolymer. One can see that also the
copolymer surrounds the Fe@Au nanoparticles in a core-shell like arrangement
forming globular structures.

b

Figure 1. TEM characterization of the Fe@Au nanoparticles and
Fe@Au hybrid composites: (a) image of FA1 sample and
(b) TEM imagine of the FA1 covered with PPy-NHS copolymer.
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The TEM images of the Fe@Au nanoparticles were used to determinate
the size distributions of the diameters. At least 400 nanoparticles were considered
for each sample.

The normalized size distributions of the Fe@Au samples are presented
in Fig. 2. One can observe that the mean diameters of the Fe@Au nanoparticles
are around 5-7 nm. Due to the superparamagnetic behavior of these systems
the size distributions of nanoparticles play an important role for the adjustment of
their magnetic properties.
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Figure 2. The distributions of the diameters of the nanoparticles
for FA1 and FA2 samples.

In Fig. 3 it is presented the UV-Vis spectrum of Fe@Au nanoparticles
(FA2 sample for instance). It can be observed the characteristic peak at
553.8 nm which represents the extinction of the plasmonic mode at the gold
surface of nanoparticles. This value appears red shifted as compared to the
pure gold nanoparticles (526 nm) and proves that the “core-shell” structure
for Fe@Au nanoparticles is formed [1].

Further, the FTIR technique was used to determine whether or not
the PPy-NHS copolymer is formed around the Fe@Au nanoparticles. In Fig.
4 it is presented the FTIR spectra of FA1-PPy-NHS and FA2-PPy-NHS. For
comparison, the spectrum of the Py-NHS monomer it is also shown. The
spectra of the hybrid composites contain the characteristic absorption bands
due to pyrrole ring vibrations located at 914, 1190, 1465 cm™' and the band
located around 1700 cm-', ascribed to C=0O group from the functionalized
pyrrole. The presence of the mentioned above bands into the hybrid composites
spectra demonstrates the formation of the copolymer between pyrrole and
pyrrole functionalized with N-succinimide covering the Fe@Au nanoparticles. A
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frequency shift of the C=0 band (1737 cm™) to lower wave numbers (1707 cm™)
is observed in the spectra of the composites samples as compared with that one
of the N-succinimide substituted monomer. Possible hydrogen bonding between
pyrrole rings and N-succinimide radicals can appeared.
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Figure 3. UV-Vis spectrum of FA2 sample.
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Figure 4. FTIR spectra of hybrid nanocomposites Fe@Au-PPy-NHS

compared with the FTIR spectrum of polypyrrole. The inset shows
FTIR absorbtion spectra of Py-NHS monomer.
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On the other hand, the spectra of the two hybrid nanocomposites
containing functionalized polypyrroles show significant changes concerning
the relative peak intensities and the peak positions as compared to the typical
polypyrrole. Therefore, the pyrrole ring vibrations bands located at 914, 1190,
1465 cm™ in PPy are shifted to higher wave numbers in the PPy-NHS
functionalized cases.

Furthermore, the absorption bands ascribed to the collective vibration
mode of intra-ring and inter-ring C=C/C-C are shifted from 1550 cm! in PPy
to 1569 cm™ in magnetic nanoparticles FA1-NHS and 1574 cm™ for FA2-NHS,
respectively. The ring charge distribution modification can be responsible for
this effect.

Further, the hybrid nanostructures Fe@Au covered with copolymer
functionalized with N-succinimide could be used for the attachment of various
bioentities (such as: proteins) that contains NH- or SH- groups by a substitution
reaction of N-succinimide. Therefore, this property makes this material suitable
for in vitro applications like magnetic separation of biomolecules and cells,
or in vivo applications as magnetically driven drug delivery.

CONCLUSIONS

The Fe@Au nanoparticles were obtained by reversed micelles method
and these were introduced in copolymer pyrrole and pyrrole functionalized
with N-succinimide.

The distribution of the Fe@Au particle sizes was determined from TEM
images; the mean diameter is around 5-7 nm.

The characteristic red shift observed for the plasmonic extinction, as
indicated in the UV-Vis spectrum of Fe@Au nanoparticles (526 to 553 nm),
also proves that the “core-shell” structure for Fe@Au nanoparticles is formed.

By using the FTIR spectroscopy it was shown that the N-succinimide
functionalized copolymer was attached to the Fe@Au nanoparticles; this
conclusion is also sustained by the TEM images of the hybride nanocomposite
material. The magnetic behaviour of these samples is under investigation.

EXPERIMENTAL SECTION
Materials

The used substances were purchased from different companies:
FeSO,4 from Chimopar (Romania), HAUCls (“Raluca Ripan” Institute for Research
in Chemistry, Romania), NaBHs (12% aq. sol. in 14M NaOH, Aldrich),
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cetyltrimethylammonium bromide (Sigma), pyrrole (97%, Merck), ammonium
persulfate (>98%, Sigma-Aldrich), N-hydroxysuccinimide (98%, Sigma-Aldrich).
All the solvents were from Chimopar (Bucharest, Romania). All chemicals
were of analytical grade.

Methods

The iron-gold core-shell nanoparticles (Fe@Au) were prepared by
reverse micelle method using cetyltrimethylammonium bromide (CTAB) as
surfactant and 1-butanol as co-surfactant. The oil phase was octane.

An amount of 2.4 mL 0.8M FeSOs4(aqg.) and 2.4 mL NaBH4 1M were
mixed together under magnetic stirring and inert atmosphere, for 1 h. In this
reaction was obtained Fe® (core material). A gold shell was added in aim to
protect the iron core. In this goal, the micelles were obtained by adding a
solution of 1.5 mL NaBH, 1.6M, followed by corresponding quantity of 0.44
M HAuCl, (Table 1), in 1-butanol and octane. The mixture obtained was
stirred at room temperature under inert atmosphere for 5 h. After synthesis, the
remaining surfactant was removed by washing with a 1 : 1 (v/v) chloroform/
methanol mixture. The powder obtained was dried at 60°C, in an oven. Further
the resulting Fe@Au nanoparticles were covered by copolymer between pyrrole
and pyrrole functionalized with N-succinimide.

Table 1. The conditions of Fe@Au nanoparticles synthesis.

Sample Molar ratios
surfactant : | surfactant : FeSOs:
HAuUCl4 FeSO4 HAuUCl4
FA21 104 14 15
FA2 12.5 14 1.8
IFA = Fe@Au

The hybrid composites with Fe@Au nanoparticles covered by the
pyrrole copolymer were obtained by chemical oxidative polymerization of a
mixture of pyrrole (Py) and substituted pyrrole with N-succinimide (Py-NHS)
monomers in water. The oxidation agent used in this reaction was ammonium
persulfate (APS). Two weight ratios between the monomers (Py, Py-NHS) and
Fe@Au nanoparticles were used, namely 1.6 and 0.16 for the synthesis of
the sample named FA1-NHS1, and sample FA1-NHS2 respectively. The
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molar ratio between APS and Py-NHS was 0.5. The reaction time was 10
hours and during this time the solution was kept under sonication. Finally, the
co-polymerization reaction was stopped with methanol. The as resulted black
precipitate was washed with water. It was separated from the solution by
centrifuging and by drying at 100°C in an oven.

The samples obtained (Fe@Au-NHS) were analyzed by transmission
electron microscopy (TEM) and optical spectroscopic methods (UV-Vis, FTIR).

TEM analysis was performed on 1010 JEOL transmission electron
microscope, and UV-Vis analysis on an ABL&E Jasco V550 spectrophotometer.
FTIR measurements were done with a 6100 JASCO spectrometer in the 4000
to 400 cm-! spectral range with a resolution of 2 cm' using the well-known
KBr pellet technique.
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EVALUATING SOUTH AFRICAN CHENIN BLANC WINE
STYLES USING AN LC-MS SCREENING METHOD

ASTRID BUICA*, JEANNE BRAND?, CHRISTINE WILSON?,
MARIETJIE STANDER"

ABSTRACT. Sensory evaluation is the approach currently used when
evaluating the style of a South African Chenin Blanc wine. Using an untargeted
LC-HRMS approach, a number of wine samples previously attributed to the
three recognized styles were used to build a statistical model which was
further used to predict to which style group additional samples belonged. This
application can be considered proof of principle.

Keywords: Chenin Blanc wine styles; LC-MS; screening; sorting

INTRODUCTION

With the help of chemometrics, large amounts of data generated
for wine analyses can be used for statistical modelling. Classification and
discrimination of samples, quantification of certain classes of compounds,
and prediction was successfully achieved in wine research using chemometrics
[1-4]. Sensory evaluation is also a field that makes use of statistics, in
experimental design, panel performance testing, and, of course, data handling
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[6—7]. Various sensory methods have been developed hand in hand with
their own data handling approach [8]. The results are generally used for
discrimination and classification between samples, but not for prediction. The
question is — with the appropriate analysis technique, can sensory behaviour
be predicted?

Chemical analysis and sensory evaluation are the two means through
which wines are assessed, but linking the two has usually met with limited
success. This is maybe counterintuitive, since the chemical composition will
dictate the flavour, taste, and mouth-feel of a wine through the various
compounds present in the sample.

The issue resides rather in the approach. Sensory evaluation has a
holistic and comprehensive approach, in the sense that the entire product
is evaluated at once and it is seen as a whole and not the sum of parts.
However, looking into the chemical composition of a wine using targeted
separation techniques reduces the whole to the sum of parts. In that case,
sensory and chemistry results seldom correlate well. On the other hand, an
untargeted approach has more chances of succeeding. Some analytical
techniques, such as UV/Vis and IR spectroscopy, have been utilised
successfully in the classification, discrimination, and quantification of certain
classes of compounds present in wine [4,9-11]. Similarly, untargeted or
comprehensive chromatographic approaches coupled with chemometrics
have a better chance of succeeding because they are information-rich. The
use of untargeted analytical techniques to profile, model, and predict sensory
behaviour is an expanding area of research. The applications are at the
moment relatively few and some are heavily chemistry-based while the sensory
aspects are more informal [12—-15].

Chenin Blanc is one of the most important white wine cultivars in South
Africa. It has received a lot of attention and accolades in the past years and
more research than ever is dedicated to this versatile cultivar. According to
the Chenin Blanc Association of South Africa, there are three recognized dry
wine styles, Fresh and Fruity (FF), Rich and Ripe Unwooded (RRU), and Rich
and Ripe Wooded (RRW) [16]. They are traditionally established with the aid of
expert sensory evaluation, but the cost and the (subjective) human factor are
aspects to be taken into account. Also, the number of samples that can be
judged in one tasting session is limited [17].

A more objective and robust way of assessing and attributing these
styles can be the use of chemical analysis. Chemical composition can be a
better way for discriminating between style groups using an untargeted approach
such as LC-MS. This approach is information-rich and offers numerous
possibilities for statistical data modelling (PCA, PLS, HCA, efc.). Creating
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prediction models to include additional samples possibly without the need for
sensory evaluation is a powerful tool for future applications. As always, there
are some possible drawbacks to this approach, too, such as the need for
data pre-processing that doesn’t remove relevant information but helps build
strong and reliable models. Additionally, creating a reliable model depends
on the choice of training set (done by sensory evaluation) so the choice of
appropriate (representative) samples for the training set still falls on the
sensory assessment.

In this work, a sample set representative of the three Chenin Blanc
wine styles was evaluated sensorially by a panel of expert judges. These
wines and additional samples were analysed by LC-HRMS. The data obtained
was used to create a statistical model used to predict to which of the styles
the additional samples belonged, thus avoiding the need for sensorial evaluation
for the additional samples.

RESULTS AND DISCUSSION

The sensory and chemistry data sets were treated separately and
groupings of samples around the predefined styles were found for both sets.

Sensory evaluation

Sample repeats are close to each other, indicating good repeatability
of the expert panel. Similar to previous findings, the sensory evaluation of
Chenin Blanc wines leads to the formation of 2 rather than 3 defined groups.
At first glance, RRW group is set apart from the FF and RRU wines which
form a continuum rather than two distinct groups (Fig 1). Even though there
is a trend for the FF-RRU wines to have FF wines on one side and RRU wine
to the other, they do not make distinct groups. This is illustrated by the two
wines that have been place with equal frequency in the FF and RRU groups,
LKAP and WGHBYV.

Moreover, looking at the dendrogram representation of the results, it
becomes apparent that there are in fact four groups, and not only two (Fig 2).
The dendrogram (Fig 2) shows that the grouping is not as clear as suggested
by the configuration plot (Fig 1). The two samples that were placed by the
judges equally in the FF and RRU groups, LKAP and WGHBY, are indeed
placed with two other samples that belong to those groups, SVP to FF and
BCG to RRU, respectively. On the other hand, one of the RRW samples,
WGHYV, is positioned with two samples that belong in the RRU group, REM
and MP. This is not unusual, as often the wines described as rich and ripe
unwooded are the most challenging to ascribe to a well-defined group.
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Figure 1. Configuration plot after directed sorting task. The styles are attributed as
FF (blue), RRU (green), and RRW (red). The codes without frames are from
samples that were attributed to two groups equally (FF and RRU).
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Figure 2. Dendrogram for the directed sorting task results. The styles are attributed
as FF (blue), RRU (green), and RRW (red). The codes without frames are from
samples that were attributed to two groups equally (FF and RRU).
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LC-MS analysis

The representation of all data, combining the results for positive and
negative ionization modes, is shown in Fig 3a and 3b. The PCA model for all
samples, including the wines not classified during the sensory evaluation,
shows some grouping that is more obvious in the representation of PC1 and
3 (Fig 3b). In that case, the separation of wines from the RRW group seems
more apparent than for PC1 and 2 (Fig 3a). The configuration is similar for
chemistry and sensory data (Fig 1 vs Fig 3b) with a continuum between the
FF and RRU groups and in opposite quadrants from RRW. The additional ‘no
class’ samples are more difficult to ascribe to a style group when inspecting
the PCAs.
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Figure 3a. Component 1 and 2 of the PCA-X model for the combined LC-HRMS
results, no sample pre-processing (n=25). Styles attributed by the sensory task.
‘No class’ samples were not included in the sensory task.
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Figure 3b. Component 1 and 3 of the PCA-X model for the combined LC-HRMS
results, no sample pre-processing (n=25). Styles attributed by the sensory task.

‘No class’ samples were not included in the sensory task.
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Figure 4a. PLS-DA model for positive ionization LCHRMS results, no sample
pre-processing (n=25). Styles attributed by the sensory task.
‘No class’ samples constitute the prediction set.
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Figure 4b. PLS-DA model for negative ionization LCHRMS results, no sample

pre-processing (n=39). Styles attributed by the sensory task.

‘No class’ samples constitute the prediction set.
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ionization), no sample pre-processing (n=25). Styles attributed by the sensory task.

‘No class’ samples constitute the prediction set.
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As expected, the DA representation for the samples attributed to
styles shows good grouping, which is promising for future work. In order to
try and predict to which group the ‘no class’ samples belong, a PLS-DA
model was created, using the wines subjected to sensory analysis as
training set. The drawback is in this case the number of samples used to
create the model. There were more samples included in the negative
ionization mode experiment (39 vs 25), which resulted in a larger prediction
set for this MS mode, while the working set remained the same size. A
prediction certainty of 50% resulted in 2 samples being unclassified in positive
MS mode (n=25), 3 in negative (n=39), and 1 in combined data sets (n=25).
Increasing the level of certainty to 75% resulted in 7, 15, and 8 unclassified
samples, respectively.

The wines that were not attributed clearly to a style group had to be
excluded from the training set, too. Interestingly, the chemical analysis places
these two sample, LKAP and WGHBYV, in the middle of the plot, between the
FF and RRU groups (Fig 4 and 5). When looking at the predicted scores for
these wines, they fall below 50% certainty for assigning to a style group. This
can possibly explain the difficulty that the judges had in placing these
particular samples in either of the styles.

The general configuration is similar when considering the LC-HRMS
results from the two ionization modes separately and combined (Fig 4 and 5).
Even though the general configurations obtained from separate and combined
MS ionization mode data appear similar, the prediction scores change
depending on the set used, therefore there is merit in using a more complete
set of results. For example, for the samples REM (RRU, training set), and
RHB13 and RHB14 (prediction set), their positions change depending on the
MS data considered. They are not closely associated in the representation of
the positive mode (Fig 4a) but situated together in the representation of the
negative and combined data sets (Fig 4b and 5). The prediction scores
indicate the same. For positive MS mode, RHB13 and RHB14 can be
attributed to both RRU and RRW groups with a certainty of around or less than
50%. In negative mode and combined sets, both samples are attributed to the
RRU group with a confidence higher than 90%. Some insight into the samples
reveals that they are all from the same estate, made in similar conditions, the
differences between the two samples in the prediction set is the vintage
(therefore, the age at the time of analysis) and that, often, these wines are
sensorially characterized as RRU. This particular situation makes the case
for combining the ionization mode results to avoid loss of information.

Up to this point, the work presented here can be considered more
proof of principle rather than definitive evidence that Chenin Blanc styles can
be predicted using LC-MS data. More in-depth data analysis will possibly
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reveal the compounds correlated with styles. The presence of such markers
should eliminate the need for insight or sensory information in the case of
samples that fall in-between groups. At the same time, removing superfluous
MS information would result in decreasing the statistical noise and make
predictions more reliable.

CONCLUSIONS

Results indicate that even though the traditional evaluation of Chenin
Blanc styles has its merits, a more objective way of attributing the style is
also possible with the help of chemical analysis coupled with integrated
statistical tools. Even though models based on chemical data can designate
a wine as fitting in a specific group, sensory evaluation has in some cases
more relevance, as it deals with human perception, be it for experts or
consumers. In the field of sensory research, this translates into a need for a
sensory method that can evaluate more wines to increase the training set
and create a more reliable model.

The issue of choice for representative samples for the training set
could be avoided in the future with the help of marker molecules. Identification
of markers for styles would make the discrimination between groups easier,
avoiding the issue of wines that fall “in between” the groups in both sensory
and chemical evaluation.

EXPERIMENTAL SECTION

Sensory evaluation: Directed sorting

A sample set of 15 wines (including 2 repeats) were subjected to
sensory evaluation in duplicate by 15 experts using a directed sorting task,
taking into account both aroma and taste. The judges were asked to divide
the samples into three groups according to the Chenin Blanc wine style. The
data has been analysed using DISTATIS to assess individual differences
between samples as well as to build a multivariate map of the data using
multidimensional scaling (MDS).

Chemical analysis: LC-HRMS

Wine samples (n=39, including the ones used for sensory evaluation)
were analysed by UPLC (Waters Corporation) equipped with a Synapt G2
quadrupole time-of-flight mass spectrometer (Waters Corporation). The
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separation was done on an Acquity UPLC HSS T3 column (1.8 pm internal
diameter, 2.1 mm x 100 mm, Waters Corporation) using 0.1% formic acid
(mobile phase A) and acetonitrile (mobile phase B) and a scouting gradient.
Flow rate was 0.3 mL/min and the column temperature 55 °C. The injection
volume was 2 L.

Data was acquired in MS® mode which consisted of a low collision
energy scan (6V) from m/z 150 to 600 and a high collision energy scan
from m/z 40 to 600. The high collision energy scan was done using a
collision energy ramp of 30-60 V. The mass spectrometer was optimized for
best sensitivity, cone voltage 15 V, nitrogen desolvation gas at 650 L/hr and
desolvation temperature 275°C. The instrument was operated with an
electrospray ionization probe in both positive and negative mode.

Chromatographic data was extracted as (RT_m/z, intensity) matrix by
the application manager used. The MS data generated from both ionization
modes (separate and combined sets) was analysed using MarkerLynx XS
(Waters Corporation), an application manager that performs 3D peak
integration, data set alignment and incorporates multivariate statistical tools.
The software is directly integrated with SIMCA-P (Umetrics) and the statistical
algorithms are directly applied to the processed data sets.
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ABSTRACT. Artichoke (Cynara scolymus L.) is a well-known herb for its efficiency
in the prevention/treatment of liver injuries, among other human chronic diseases.
The aim of present study was to analyse the phytoconstituents content of
aqueous and hydro-alcoholic extracts obtained from the leaves of artichoke.
The chemomapping was carried out using UHPLC-ESI-MS. Several new and
some known phytoconstituents were identified in the two type of extracts that
have slightly different composition profiles. The newly found phytoconstituents
in artichoke, plead for multiple health promoting effects that have presumably
more stochastic than determinative features. Therefore, further experiments
are needed using such extracts, and based on a system biology approach to
clarify the complexity of beneficial effects of artichoke.
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INTRODUCTION

Globe artichoke (Cynara scolymus L.) has been cultivated since the
ancient times in the Mediterranean and North African regions. In the middle
ages, its cultivation spread across Western Europe from ltaly to Spain, France,
The Netherlands, England, and later on, in the 1800s reaches the Southern
parts of USA. Moreover, Northern African countries like Egypt, Algeria and
Tunisia together with South American countries like Argentina and Peru did
become important artichoke producers in recent times.

Globe artichoke is considered a healthy food due to its nutritive and
phytoconstituent content. It contains proteins, minerals, a low amount of
lipids, dietary fibre and a high proportion of phenolics [1-2]. Among phenolics
there were identified compounds like cynarin (1,3-di-O-caffeoylquinic acid),
luteolin, cynaroside (luteolin-7-O-glucoside), scolymoside (luteolin-7-rutinoside);
phenolic acids such as caffeic, coumaric, hydroxycinnamic, ferulic, caffeoylquinic
acid derivatives; mono- and dicaffeoylquinic acids, including chlorogenic; acid
alcohols; flavonoid glycosides [2-3]. The content of phytoconstituents was
shown to vary among different cultivars and conditions related to cultivation,
harvest, post-harvest and cooking [4-5].

Globe artichoke features a relatively high antioxidant capacity [6-7],
its hepatoprotective, bile-enhancing and lipid-lowering effects have been
demonstrated [8], while its implications in preventing cardiovascular disease
by its lipidic and glycemic-reducing action has also been confirmed [9-10].
Moreover, its putative anticancer effect has been studied, and some
experimental data suggests that artichoke extracts could be applied as a
nonconventional, adjuvant therapy for cancer chemoprevention and/or treatment
[11-13].

In the present paper we are describing the comparative UHPLC-
ESI-MS chemomapping of aqueous and hydro-alcoholic artichoke extracts
that were found to inhibit significantly the proliferation of several human cancer
cell lines [14]. Our study was meant to identify all possible phytoconstituents
with the used experimental setup, and as a consequence 49 and 51 molecules
were described in the aqueous and hydro-alcoholic artichoke extracts,
respectively. Some of the newly identified compounds were confirmed by
standards, while other compounds have already been reported by others
[15-26].

RESULTS AND DISCUSSION
In this paper, we are describing the qualitative analysis performed for

artichoke (Cynara scolymus L.) extracts by applying reversed phase UHPLC-
ESI-MS using a gradient mobile phase consisting of acetonitrile and water. The
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aqueous and the hydro-alcoholic extracts of artichoke leaves were investigated
in positive and negative ionisation modes as described in Materials and

Methods.

There have been 49 phytoconstituents identified in the aqueous
artichoke extract as shown on the corresponding chromatograms (Figure 1-2.)
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Figure 1. Total ion chromatogram of aqueous extract of artichoke

in positive ionisation mode.
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Figure 2. Total ion chromatogram of aqueous extract of artichoke

in negative ionisation mode.
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measured and calculated molecular ion masses were always below 5 ppm.

Table 1. Phytoconstituents identified in the aqueous artichoke extract.
Rt —retention time; [M+H]+ - molecular ion masses; [M+H]- - the found fragment ion
mass; Ref- references; (*) [M]+; (**) confirmed by standards. The difference between

Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found

1 1.22 |104.10754 CsH14NO 60.0814, |Choline
59.0736

2 1.27 |175.11951 CeH14N4O2 158.0922, |Arginine”
130.0975

3 1.27 179.05557 |CeH1206 113.0229, |Glucose or
101.0229 |galactose

4 1.29 |138.05550" C7HsNO:2 110.0602, |Trigonelline
96.0447

5 1.32 |133.06132 C4HsN203 116.0344, |Asparagine”™
88.0397

6 1.43 |324.05968 CoH13N30s 112.0507, |Cytidine™
95.0240

7 1.48 (146.09296 CsH11N3O2 128.0817, |4-
111.0555 |Guanidinobutyric

acid

8 1.51 |136.06233 CsHsNs 119.0352, |Adenine
94.0402

9 1.52 362.05018 |C10H14NsOsP  [211.0005, |Guanosine 5'-
150.0408 |monophosphate

10 1.53 [168.06607 CsHoNO3 150.0548, |Pyridoxal™
140.0705

11 1.57 |124.03986 CeHsNO2 96.0448, |Nicotinic acid™
80.0499

12 1.59 |144.10245 C7H1NO2 102.0554, |Stachydrine
98.0968

13 1.71 |170.08172 CsH11NO3 152.0704, |Pyridoxine™
134.0600

14 1.74 243.06171 |CoH12N206 200.0557, |Uridine
153.0291

15 1.76 |113.03511 C4HaN202 96.0084, |Uracil”
95.0245

16 1.78 |182.08172 CoH11NOs 165.0544, |2-
147.0439 |Hydroxyphenyl-

alanine

17 1.92 |123.05584 CsHsN20 106.0291, |Nicotinamide™
96.0447

18 2.34 346.05526 |C10H14NsO7P  |211.0006, [Adenosine 5'-
192.9902 |monophosphate

19 2.62 282.08385 |C10H13NsOs 150.0408, |Guanosine
133.0143

20 2.94 |268.10458 C10H13NsO4 136.0617, |Adenosine”
119.0350
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Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found
21 3.18 |166.08681 CoH11NO2 149.0602, |Phenylalanine™
131.0492
22 3.27 353.08726 [C16H1809 191.0552, |Caffeoylquinic (16
179.0342 |acid |
23 4,78 |122.09698 CsH11NO2 105.0702, |Phenethylamine
103.0546
24 4.83 (220.11850 CoH17NOs 202.1073, |Pantothenic
184.0967 |acid”
25 5.90 337.09234 |C16H180s 191.0552, |Coumaroylquinic|17
163.0388 |acid |
26 6.52 [205.09771 C11H12N202  (188.0705, |Tryptophan™
170.0599
27 7.66 353.08726 [C16H1809 191.0552, |Caffeoylquinic |16
179.0338 |acid Il
28 8.31 |190.05042 C10H7NO3 162.0547, |Kynurenic acid
144.0442
29 8.84 |341.08726 C15H1609 179.0338, |Esculin
151.0388
30 8.86 335.07669 [C16H160s 179.0339, |Caffeoylshikimic
161.0231 |acid |
31 9.57 |295.12940 C1aH1sN20s  |278.1119, |y-
232.0961 |Glutamylphenyl-
alanine
32 9.97 |298.09739 C11H1sNsO3S  |163.0422, |5'-S-Methyl-5'-
145.0313 |thioadenosine
33 10.19 337.09234 (C16H1s0s 191.0552, |Coumaroylquinic (17
163.0389 |acid Il
34 11.53 |191.07082 C11H1003 176.0466, |7-Methoxy-4-
148.0518 |methylcoumarin
35 12.78 593.15065 |C21H18011 473.1093, |Vicenin-2
383.0772
36 13.02 335.07669 [C16H160s 179.0339, |Caffeoylshikimic
161.0232  |acid llI
37 13.02 515.11896 |C25H24012 335.0776, |(1,3-Di-O-
191.0552 |caffeoylquinic
acid (Cynarin)
38 13.27 |283.15455 Ci15H2205 265.1429, |Cynaratriol
247.1324
39 13.54 461.07201 |C21H18012 285.0404, |Luteolin-7-O- 18
217.0501 |glucuronide
40 13.54 |146.06059 CoH7NO 118.0652,1 |Indole-4-
17.0573 carbaldehyde
41 13.81 |179.07082 C1oH1003 161.0594, |4-Hydroxy-3-
147.0438 |methoxy-
cinnamaldehyde
42 14.60 445.07709 |C21H18011 269.0454, |Apigenin-7-O- |19
225.0546 |glucuronide
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Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found
43 14.74 593.15065 |C27H30015 285.0404, |Luteolin-7-O- 20
133.0275 |rutinoside
(Scolymoside)
44 14.79 447.09274 |C21H20011 327.0509, |Luteolin-7-O- 18,
285.0403 |glucoside 19, 21
(Cynaroside)
45 15.20 193.05009 |C10H1004 178.0262, |Ferulic acid
149.0596
46 15.67 |433.11347 C21H20010 271.0600, [Cosmosiin 22,23

153.0180 |(Apigenin-7-O-
glucoside)”

47 17.98 285.03991 [C15H1006 217.0499, |Luteolin
199.0393

48 20.34 809.43235 |Cs2HesO15 647.3814, |Cynarasaponin |26
603.3902 |E

49 21.86 793.43744 |Ca2HesO14 631.3859, [Cynarasaponin |26
587.3961 |C

There have been 51 phytoconstituents identified in the hydro-alcoholic
artichoke extract as shown on Fig.3-4 and in Table 2.
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Figure 3. Total ion chromatogram of hydro-alcoholic extract of artichoke
in positive ionisation mode.
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Figure 4. Total ion chromatogram of hydro-alcoholic extract of artichoke

in negative ionisation mode.

Table 2. Phytoconstituents identified in the hydro-alcoholic artichoke extract.
Rt —retention time; [M+H]+ - molecular ion masses; [M+H]- - the found fragment ion
mass; Ref- references; (*) [M]+; (**) confirmed by standards. The difference between

measured and calculated molecular ion masses were always below 5 ppm.

Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found

1 1.26 138.05550" C7HsNO2 110.0603, |Trigonelline
96.0449

2 1.28 104.10754" CsH14NO 60.0814, |Choline
59.0736

3 1.30 175.11951 CeH14N4O2  [158.0923, |Arginine™
130.0976

4 1.35 133.06132 C4HsN203  |116.0343, |Asparagine”™
88.0397

5 1.38 179.05557 |CsH1206 113.0229, |Glucose or
101.0230 |galactose

6 1.50 324.05968 CoH13N3Os  |112.0507, |Cytidine™
95.0243

7 1.52 146.09296 CsH11N3sO2  [128.0815, (4-
111.0554 |Guanidinobutyric

acid

8 1.53 136.06233 CsHsNs 119.0353, |Adenine
94.0403

9 1.62 124.03986 CeHsNO2 96.0448,  |Nicotinic acid”
80.0500
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Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found
10 1.75 170.08172 CeH11NO3  |152.0704, |Pyridoxine™
134.0601
11 1.83 113.03511 C4HsN202  |96.0084,  |Uracil™
95.0245
12 1.84 182.08172 CoH11NOs  |165.0542, |2-
147.0439 |Hydroxyphenyl-
alanine
13 1.94 123.05584 CeHsN20 106.0290, |Nicotinamide™
96.0448
14 2.68 282.08385 |C1oH13NsOs |150.0408, |Guanosine
133.0142
15 2.99 268.10458 C10H13NsOs |136.0617, |Adenosine™
119.0347
16 3.23 166.08681 CoH11NO2 149.0601, |Phenylalanine”
131.0493
17 4.85 122.09698 CsH11N 105.0702, |Phenethylamine
103.0546
18 4.87 220.11850 CoH17NOs  |202.1070, |Pantothenic
184.0967 |acid”
19 6.54  |205.09771 C11H12N202  |188.0705, |Tryptophan™
170.0598
20 8.26 190.05042 C1oH7NOs  |162.0547, |Kynurenic acid
144.0442
21 8.79 341.08726 C1sH1609 179.0337, |Esculin
151.0389
22 9.55 295.12940 C14H18N20s |278.1121, |y-
232.0964 |Glutamylphenyl-
alanine
23 9.95 298.09739 C11H15Ns03S [163.0422, |(5'-S-Methyl-5'-
145.0318 |thioadenosine
24 11.49 |174.11302 CsH1sNOs  |156.1010, |N-
132.1019 |Acetylisoleucine
25 11.51 |191.07082 C11H1003 176.0462, |7-Methoxy-4-
148.0517 |methylcoumarin
26 12.03 |174.11302 CsH1sNOs  [156.1012, |N-Acetylleucine
132.1019
27 12.52 593.15065 |C21H18011  |473.1084, |Vicenin-2
383.0770
28 12.57 461.07201 [C21H18012  |285.0403, |Luteolin-7-O- 18
217.0499 |glucuronide
29 12.86 |193.05009 C10HsO4 178.0258, [Scopoletin
165.0544
30 13.05 515.11896 |C2sH24012  (335.0770, |(1,3-Di-O-
191.0552 |caffeoylquinic
acid (Cynarin)
31 13.27 |283.15455 C15H2205 265.1429, |Cynaratriol
247.1324

132




COMPARATIVE CHEMOMAPPING OF PHYTOCONSTITUENTS FROM DIFFERENT EXTRACTS OF ...

Peak Rt [M+H]* [M-H] Formula |Fragments| Assignment | Ref.
found
32 13.32 |163.07591 C1oH1002 131.0492, [Methyl
103.0545 |cinnamate
33 13.38 581.18703 |C27H34014  |297.1768, |Naringin
167.0337 |dihydrochalcone
34 13.52 |146.06059 CoH7NO 118.0652,1 |Indole-4-
17.0572 carbaldehyde
35 13.65 445.07709 |C21H18011 269.0454, |Apigenin-7-O- |19
225.0550 |glucuronide
36 13.80 |179.07082 C1oH1003 161.0595, |4-Hydroxy-3-
147.0439 |methoxy-
cinnamaldehyde
37 14.71 593.15065 |C27H30015  |285.0404, |Luteolin-7-O- 20
133.0279 |rutinoside
(Scolymoside)
38 14.73 447.09274 |C21H20011 327.0507, |Luteolin-7-O- 18,
285.0400 |glucoside 19, 21
(Cynaroside)
39 15.19 193.05009 (C10H1004 178.0259, [Ferulic acid
149.0595
40 15.22 269.04500 |C15H100s 225.0550, |Apigenin™ 21,24
201.0550
41 15.54 |579.17139 Ca27H30014  |271.0595, |Isorhoifolin 25
153.0176 |(Apigenin 7-O-
rutinoside)
42 15.66 |433.11347 C21H20010  |271.0594, |Cosmosiin 22,23
153.0179 |(Apigenin-7-O-
glucoside)”
43 17.89 285.03991 |C15H100s 217.0498, |Luteolin
199.0391
44 18.94 539.04618 |C2sH16014  |269.0453, |[Unknown
201.0548 |Apigenin
derivative
45 19.03 |301.07121 C16H1206 286.0466, |Diosmetin
258.0515
46 21.76 [329.10251 C18H1606 314.0781, |[Salvigenin
313.0697
47 2538 |291.23241 C19H3002 259.2035, |Stearidonic acid
241.1949 |methyl ester
48 25.85 [305.24806 C20H3202 259.2058, |Stearidonic acid
241.1939 |ethyl ester
49 27.20 |457.36818 C3oH4s03 439.3553, |Ursolic acid
411.3619
50 19.43 809.43235 [Ca2HesO15 647.3806, |Cynarasaponin |26
603.3903 |E
51 21.20 793.43744 |Ca2Hes014  |631.3851, |Cynarasaponin (26
587.3955

133



SZ. VIGH, Z. CZIAKY, L. T. SINKA, C. PRIBAC, L. MOS, V. TURCUS, J. REMENYIK, E. MATHE

The identification of the phytoconstituents was achieved by comparing
individually the retention time, accurate mass, isotopic distribution and
fragmentation pattern of every single newly detected molecule with artichoke
compounds already reported in literature, and by screening MS databases
like Metlin, mzCloud and Massbank. The identified molecules belong to twelve
classes of phytoconstituents, and besides similarities, there are some striking
differences among the aqueous and hydro-alcoholic artichoke extracts regarding
their content as summarized in Table 3.

Table 3. Phytoconstituents identified in the aqueous and
hydro-alcoholic artichoke extracts.

Aqueous Hydro-alcoholic

AR DERE artichoke artichoke

+

+
+

Alkaloids Kynurenic acid

Trigonelline

Stachydrine?

Aminoacids 2-Hydroxyphenylalanine
4-Guanidinobutyric acid
Arginine

Asparagine

L-Phenylalanine
y-Glutamilphenylalanin
Tryptophan
N-Acetylisoleucine®
N-Acetylleucin®

Coumarins 7-Methoxy-4-methylcoumarin
4-hidroxy-3-methoxy- +
cinnamaldehyde

Scopoletin®

Flavonoids Unknown Apigenin derivative®
Apigenin®

Cosmosiin (Apigenin-7-O-glucoside)
Diosmetin®

Luteolin

Luteolin-7-O-glucoside (cynaroside)
Luteolin-7-O-glucuronide
Apigenin-7-O-glucuronide
Luteolin-7-O-rutinoside (scolymoside)
Isorhoifolin (Apigenin-7-O-
rutinoside)?

Salvigenin®

Naringin dihydrochalcone®

Vicenin-2 (6,8-Di-C-glucosylapigenin) +

|||+

+

S R S S S S R ) ' ey [

+

+| |+ |+ ]|+

S S S I S P R I Sy [

+

+

+
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Phytoconstituents

Aqueous
artichoke

Hydro-alcoholic
artichoke

Polyphenols 1,3-Di-O-caffeoylquinic acid (Cynarin)

+

+

5-O-Caffeoylshikimic acid |2

5-O-Caffeoylshikimic acid II2

Esculin

Ferulic acid

Caffeoylquinic acid I2

Caffeoylquinic acid 12

Coumaroylquinic acid 12

Coumaroylquinic acid |12

Other metabolites |Indole-4-carbaldehyde

Choline

S e RS S S ) S ey

Methyl cinnamate®

Phenethylamine

Purines and 5'-S-Methyl-5'-thioadenosine

pyrimidines Adenine

Adenosine

+ ||+ [+ + |+

Adenosine 5'-monophosphate
(AMP)?

+ [+ |+

Cytidine

+

+

Guanosine

+

Guanosine 5'-monophosphate
(GMP)?

+

Uracil

+

Uridine?

Saponins Cynarasaponin E

Cynarasaponin C

+ |+ + |+ ]|+

Terpenoid Cynaratriol

Ursolic acid®

Sugars Glucose or Galactose

+

Steroids Stearidonic acid methyl ester®

Stearidonic acid ethyl ester®

Vitamines Nicotinamide

Nicotinic acid (B3)

Pantothenic acid (B5)

S N R T TS )

Pyridoxal®

+ |+ |+ |+

Pyridoxine (B6)

+

aCompounds to be found only in aqueous extract
b Compounds found only in hydro-alcoholic extracts

According to our current knowledge, we were the first to identify the
kynurenic acid, trigonelline and stachydrine as the major alkaloids present in both
artichoke extracts. The neuroprotective role of kynurenic acid has been already
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demonstrated, and is achieved via the kynurenine pathway by metabolizing the
tryptophan amino acid that is also present in both of ours artichoke extracts [27].
The presence of trigonelline in plant extracts like coffee and fenugreek was
demonstrated, and some experimental data did indicate its Nrf2 inhibitory effect
together with the blocking of Nrf2-dependent expression of proteasomal genes,
and reduced proteasome activity in some pancreatic carcinoma cell lines [28].
Stachydrine is a prolinebetaine type of alkaloid that was suggested to play
an important role in prevention of cardiovascular diseases by inhibiting the
deleterious effect of high-glucose on endothelial cells through the modulation
of SIRT1 pathway [29].

With the exception of phenylalanine and asparagine, all the other amino
acids listed in Table 3. are reported for the first time in the case of artichoke
extracts [30].

In this paper we are describing also for the first time the presence of
some coumarins in artichoke extracts. The newly identified 7-methoxy-4-
methylcoumarin was shown by others to behave like the multidrug resistant
modulator verapamil that was more cytotoxic against tumor cells than normal
cells [31]. Cinnamaldehyde is found in both of our artichoke extracts, and it
was shown by others to ameliorate the induced cardiac dysfunction in rats by
inhibiting ROS production and autophagy through TLR4-NOX4 pathway and
exhibits anti-inflammatory activity [32]. Similarly to others [33], we were able
to identify the scopoletin in artichoke leaves hydro-alcoholic extracts, and it was
suggested to have an important anti-inflammatory activity by inhibiting the
phosphorylation of NF-kB and p38 MAPK in mice [34].

Flavonoids like apigenin, apigenin-7-O-glucoside, apigenin-7-O-
glucuronide, luteolin-7-O-glucuronide, luteolin-7-O-glucoside and apigenin-
7-rutinoside had been already reported [35-38]. However, flavonoids like
diosmetin, salvigenin, naringin dihydrochalcone and vicenin-2 have been
for the first time identified, and are mostly present in the hydro-alcoholic
artichoke extract (see Table 3.). Diosmetin was shown by others to inhibit
the metastasis of hepatocellular carcinoma cells [39,40], while salvigenin
antitumor and immunomodulatory effects on tumor bearing mice had been
demonstrated [41]. The naringin dihydrochalcone biological effects were not
analysed to present days, however its major constituent the naringin was
suggested to be the main component of Ganshuang granule that plays an
anti-fibrotic role through deactivation of hepatic stellate cells in cirrhotic mouse
model [42], and through the attenuation of EGFR/ERK signalling could
suppress cancer cell growth [43]. In the case of vicenin-2 has been recently
shown that can suppress high-glucose induced vascular inflammatory processes
in human umbilical vein endothelial cells and mice, thereby suggesting its
effectiveness as a therapeutic agent for vascular inflammatory diseases [44, 45].
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The polyphenol content of artichoke was extensively analysed, and
several papers were published comparing mature and baby plants in raw or
cooked forms with the a relevant phytoconstituent like cynarin -1,3-Di-O-
caffeoylquinic acid [46]. Our aqueous artichoke extract contained much more
polyphenols than the hydro-alcoholic extract, and several bioactive constituents
were identified for the first time in artichoke, including 5-O-caffeoylshikimic acid,
esculin and coumaroylquinic acids (see Table 3.). At present, no data are
available regarding the biological effects of 5-O-caffeoylshikimic acid. Esculin has
been found to feature gastroprotective effect in mice presumably through the
inhibition of NF-kB activation [47], and its protective role against the genotoxicity
induced by mitomycin C on liver and kidney mice cells was also described [48].
Ferulic acid is considered the methylated derivate of caffeic acid, and it was
suggested that together with other flavonoids and polyphenols to contribute to the
antioxidant, anti-inflammatory and anti-septic potential of Lolium multiflorum
extracts [49].

Among metabolites we could identify indole-4-carbaldehyde that has
not been descried in previously by others, while the incidence of choline, methyl
cinnamate and phenethylamine are shown for the first time in the case of
artichoke extracts. Methionine- and choline-deficient diet leads to nonhydro-
alcohoalic fatty liver diseases in mouse, rat and swine model systems, therefore, it
is expected that the administration of choline would contribute to the prevention of
nonhydro-alcoholic steatohepatitis and fibrosis. Methyl cinnamate is a safe
antibacterial and flavouring agent used in food industry, and was shown to
inhibit the gastrointestinal contractility [50], PPARy activity and adipocyte
differentiation in part, by the CaMKK2-AMPK signalling pathway [51].
Phenethylamine is widely used in weight-loss type of dietary supplements [52].

We were able to confirm the finding of others with respect to the
presence of saponins like cynarasaponin C, E, B and K in artichoke extracts
[26, 53], while their biological effects remained totally elusive.

Among terpenoids the cynaratriol was already reported in artichoke
extracts, while the ursolic acid is a newly identified phytoconstituent. The
cynaratriol biological effects are not elucidated, while for ursolic acid has
been demonstrated to exert anti-oxidative and anti-inflammatory effects on
mouse brain injury model by activating the Nrf2-ARE pathway [54], moreover
its anti-cancer and anti-metastatic effects were also proven [55,56].

We were also able to identify carbohydrates in artichoke extracts,
though the applied method did not allow us to distinguish between glucose
and galactose.

According to our current knowledge, steroids like stearidonic acid
methyl ester and stearidonic acid ethyl ester were not reported in the case of
previously studied artichoke extracts. However, the steroids detected by us
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are derivates of the stearidonic acid (18:4n-3), a plant-derived dietary n-3 PUFA,
whose impact on tissue n-3 PUFA content are lacking.

The identification of vitamin C and some vitamins belonging to the B
group (thiamine, riboflavine, nicotinamide and nicotinic acid) in artichoke extracts
was already reported [57]. It has been demonstrated that the nicotinic acid can
inhibit lipolysis, acutely reducing plasma free fatty acid concentrations, and
my act in much the same manner as cynarin [58]. We are describing for the first
time the incidence of pantothenic acid, pyridoxal and pyridoxine in artichoke
extracts, while the above mentioned B5 and B6 vitamins were suggested to act
as cancer risk reduction agents [59], and having anti-inflammatory effects
associated with atherosclerosis and autoimmunity [60].

During our study, we also came across other phytoconstituents like
vitamin C, thiamine, rutin, luteolin and quercetin. The molecular peaks have been
identified for the above mentioned phytoconstituents, and the corresponding
specific isotopic patterns confirm their molecular structure, but their fragmentation
profiles do not corroborate with the values previously reported in scientific
literature.

CONCLUSIONS

In the current paper, we are describing the comparative chemomapping
of aqueous and hydro-alcoholic extracts of artichoke leaves. Some previously
reported phytoconstituents presence was confirmed, while many other newly
identified compounds are reported for the first time to be specific to artichoke.
The currently described phytoconstituent profile strongly supports the liver and
gallbladder tonic effect of artichoke by interfering with lipid metabolism. Moreover,
some kind of anti-cancerous effect could also be expected based on some
phytoconstituents. Indeed we were able to demonstrate that the aqueous
and hydro-alcoholic extracts of artichoke presented in this paper possess
anti-cancerous effects [14]. Based on individual effects of the identified
phytoconstituents, multiple mechanisms could be evoked to explain the
artichoke health promoting effects like the inhibition of cholesterol synthesis
and lipolysis, together with the activation of anti-inflammatory, anti-tumour
growth cellular pathways. It seems therefore likely that due to the plethora of
phytoconstituents found in artichoke, the health promoting effect of the analysed
extracts, might have a more stochastic than determinative nature. Further
experiments are needed based on a system biology type of approach to clarify
the complexity of the beneficial effects including the correlations with chemical
composition.
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EXPERIMENTAL SECTION
X. Materials and methods

x.1. Chemicals and reagents

HPLC-MS grade acetonitrile, water and formic acid were purchased
from Fisher Scientific (Geel, Belgium). HPLC grade ammonium acetate and
ammonium formate were purchased from Sigma-Aldrich (Munich, Germany).

x.2. Plant material

The artichoke dried leaves were obtained from TTDR 2000 Ltd.,
Hungary.

x.3. Sample preparation

Aqueous (AE) extract: Artichoke dried leaves (5 g) were cooked (5 min)
in boiling water (100 ml). After cooling at room temperature, the extract was
centrifuged (10 min, 4000 rpm) and filtered through Whatman filter paper (Sigma
Aldrich).

Hydro-alcoholic (HE) (ethanol : water 1:1) extract: 50 g artichoke
dried leaves were extracted two times with 500 ml ethanol — water (50:50) by
stirring for 4h at 40 °C. This artichoke solution were centrifuged at 4000 rpm
for 10 min at room temperature and moved the ethanol from the sample in a
rotation vacuum evaporator.

Both types of samples were filtered through a 45 ym filter and stored
at 4 °C until analysis.

x.4. HPLC-MS analysis

The UHPLC system (Dionex Ultimate 3000RS equipped with a Thermo
Accucore C18 column, 100/2.1 with a particle size of 2.6 um) was coupled to a
Thermo Q Exactive Orbitrap mass spectrometer equipped with an electrospray
ionization source (ESI). Eluent A (500 ml of water containing 10 ml of acetonitrile,
0.5 ml of formic acid and 2.5 mM of ammonium formate) and eluent B (500 ml
of acetonitrile containing 10 ml of water, 0.5 ml of formic acid and 2.5 mM of
ammonium formate) were used in the HPLC separation in positive ionization
mode, and eluent A (500 ml of water containing 10 ml of acetonitrile and 2.5 mM
of ammonium acetate) and eluent B (500 ml of acetonitrile containing 10 ml of
water and 2.5 mM of ammonium acetate) were used in the HPLC separation in
negative ionization mode. Flow rate was 200 pl/min. The following gradient
elution program was used both positive and negative ionization mode: 0-1 min,
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95% A, 1-22 min, 20% A; 22-24 min, 20% A; 24-26 min, 95% A; 26-40 min,
95% A. 5 ul of samples were injected in every run. The Q Exactive hybrid
quadrupole-orbitrap mass spectrometer was operated with the following
parameters: capillary temperature 320 °C, spray voltage 4.0 kV in positive
mode and 3.8 kV in negative mode, the resolution was set to 35000 in the
case of MS and to 17500 in the case of MS/MS. The mass range scanned was
100-1000 m/z. Collision energy was 40NCE in the MS/MS scans. The used
UHPLC-ESI-MS measurement accuracy is within 5ppm. The difference between
measured and calculated molecular ion masses were always below 5 ppm.
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ABSTRACT. Fenugreek (Trigonella foenum-graecum L.) is a well-known
herb for its efficiency in the prevention/treatment of diabetes among other
chronic diseases. The aim of present study was to analyse the phytoconstituent
profile of aqueous and hydro-alcoholic extracts of fenugreek seeds produced in
Hungary. The aqueous and hydro-aqueous extracts were analysed using a
UHPLC-ESI-MS approach, and in the first 54, while in the second extract
67 phytoconstituents were identified that mostly corroborate the previously
described health promoting effects of fenugreek. However, it remains a
huge challenge to correlate the phytoconstituent composition of the two
extracts with the generated dose dependent hormetic response and cytotoxic
effects that were reported by us in case of some human breast cancerous
cell lines.
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INTRODUCTION

The fenugreek (Trigonella foenum-graecum L.) has been grown in Asia,
Africa and Europe from ancient times being utilized as a food (fresh shoots),
spice (seed) and herbal remedy. Its popularity has ever been increasing so that
recently, it is cultivated in countries like India, Pakistan, China, Russia, Greece,
Turkey, Israel, Egypt, Sudan, Morocco, Tunisia, Germany, Austria, United Kingdom,
Spain, Portugal, USA and Argentina. Due to its large cultivation areal, several
fenugreek ecotypes and/or varieties were described upon taxonomical characters
comprising morphological features like seed types. Furry (1950) was proposing six
fenugreek seed types like Yemenese, Transcaucasian, African, Afghan, Chinese-
Persian and Indian, while Petropoulus (1973) had been suggesting categories like
the Flourescent, Ethiopian, Indian and Mediterranean seed types [1,2].

Several beneficial biological and pharmacological properties are attributed
to the fenugreek seeds such as anti-diabetic, hypocholesterolaemic, contraceptive
and anti-fertility, gastric ulcer and wound healing, anti-cancer, anti-microbial,
anthelmintic and anti-nociceptive effects, respectively [3].

The fenugreek seeds contain (per 100g of edible portion): 369 calories,
7.8% moisture, 28.2 g protein, 5.9 g fat, 54.5 g total carbohydrate, 8g fibre, 3.6
g ash [4]. Fenugreek seeds containing diosgenin are considered one of the
few natural sources of steroid sapogenins that is used for the synthesis of sex
hormones, oral contraceptives and medicinally useful steroids [5]. Several
furostanol saponins called trigoneosides la, Ib, lla, IIb, llla, llIb, IVa, Va, Vb, VI,
Vllb, VllIb, IX were isolated form fenugreek seeds originating from India [6,7].
Trigoneosides like Xa, Xb, Xlb, Xlla, Xllb and Xllla were identified from
fenugreek seeds of the Egyptian origin [8]. Graecunins H-N are glycosides of
diosgenin have also been isolated from fenugreek seeds, and belong to the
spirostanol saponins [9]. Fenugrin B is another saponin that was also identified
in fenugreek seeds [10]. Among sterols campesterol, stigmasterol, B-sitosterol
and cholesterol were shown in different parts of the plant including seeds [11].
The fenugreek saponins exhibited hypocholesterolemic activity in rats [12].
Triterpenoids like lupeol, botulin, betulinic acid and soyasaponin were also
isolated from fenugreek seeds [13]. Another important compound found in
fenugreek seeds is the trigonelline which is the methylbetaine derivate of nicotinic
acid, and its hypoglycemic and antipellagra effects have been demonstrated [14-
16]. The flavonoid content of fenugreek seeds had been intensively analysed,
and it was suggested to confer antibacterial activity to seed extracts [17]. Quercetin,
luteolin, vitexin, orientin, isoorientin, vicenin-1, vicenin-2, naringenin, kaempherol,
7,4-dimethoxyflavanone were identified among flavonoids. Other phenolic
compounds were detected in different parts of plants (root, shoot, and pod) like
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scopoleptin, trigocoumarin, chlorogenic, caffeic and coumaric acids [18]. Studies
and estimations have shown that the 4-hydroxyisoleucine represents up to 30-
80 percent of free amino acid pool in fenugreek seeds [19,20]. A non-protein
amino acid (S)-canavanine, and other amino acids like lysine and tryptophane
were identified in fenugreek seeds [21,22]. The protein content of fenugreek
leaves and seeds reaches 25-30 percent, so that approximately equals to that
of soybeans [20]. It was suggested that the hypocholesterolemic effects of
fenugreek seeds could be related to the amino acid content or to the relatively
high fibre content (54 percent) and saponins (5 percent), [23]. Among vitamins
in fenugreek seeds had been identified thiamine, riboflavin, pyridoxine,
cyanocobalamine, niacin, Ca-pantothenate and biotin, while vitamin C was
present mostly in the vegetative organs of the plant [24,25]. The lipid content of
dried fenugreek seeds had been shown to reach approximately 7.5 percent,
and the lipid profile consisted of neutral lipids (triacylglycerol, diacylglycerols,
monoacylglycerols, free fatty acids, and sterols), glycolipids and phospholipids
[26].

In the current paper we are reporting the UHPLC-ESI-MS chemomapping
of aqueous and hydro-alcoholic fenugreek seed extracts that were found by
us to induce dose dependent hormetic response and cytotoxicity in case of
human breast cancerous cell lines [27]. We were able to detect 54 and 67
phytoconstituents in the aqueous and hydro-alcoholic artichoke extracts,
respectively. Some of the newly identified compounds were confirmed by
standards, while other have been already described by others [27-33].

RESULTS AND DISCUSSION

The aqueous and the hydro-alcoholic extracts of fenugreek seeds were
investigated with the reversed phase UHPLC-ESI-MS in positive and
negative ionisation modes as described in Materials and Methods. The gradient
mobile phase was based on acetonitrile and water. There have been 54
phytoconstituents identified in the aqueous fenugreek seed extract as shown
on Figure 1-2 and in Table 1.
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Table 1. Phytoconstituents identified in the aqueous fenugreek seed extract.
Rt —retention time; [M+H]+ - molecular ion masses; [M+H]- - the found fragment ion
mass; Ref- references; (*) [M]+; (**) confirmed by standards.

Peak Rt [M+H]* [M-H] Formula Fragment | Assignment | Ref.
s found

1 1.27 |104.10754 CsH14NO 60.0814, |Choline 27
59.0735

2 1.30 [138.05550° C7HsNO2 110.0601, |Trigonelline 27
96.0450

3 1.31 175.11951 CeH14N4O2 158.0922, |Arginine™ 27
130.0975

4 1.31 148.06099 CsHoNO4 130.0863, |Glutamic acid |27
102.0553

5 1.31 118.08681 CsH11NO2 59.0736, |Betaine 27
58.0657

6 1.32  |133.06132 C4HgN203 116.0342, |Asparagine”™ 27
88.0397

7 1.43 |189.12392 CsH16N203 172.0961, |N-a-Acetyl-
130.0863 |lysine

8 146  |148.09737 CeH13NOs3 130.0862, |4-Hydroxyiso- |27
113.0598 |leucine

9 149 |324.05968 CoH13N30s 112.0507, |Cytidine™
95.0243

10 1.51 146.09296 CsH11N3O2 128.0821, |4-Guanidino-
111.0555 |butyric acid

11 1.52 130.08681 CeH11NO2 84.0812, |Pipecolic acid
67.0548

12 1.56 |136.06233 CsHsNs 119.0352, |Adenine
94.0406

13 1.66 283.06786 |C10H12N4Os 151.0248, |Xanthosine
108.0188

14 1.73 243.06171 |CoH12N206 200.0558, |Uridine
153.0293

15 1.75 |170.08172 CsH11NOs 152.0704, |Pyridoxine™ 27
134.0600

16 1.82 |182.08172 CoH11NO3 165.0545, |2-
147.0439 |Hydroxyphenyl-

alanine

17 1.96 |123.05584 CeHsN20 106.0287, |Nicotinamide™ |27
96.0447

18 2.01 330.06035 C10H12NsOeP  |232.0828, |Adenosine 3',5'-
136.0617 |cyclic

monophosphate

19 210 |277.13997 C11H20N20e  |259.1286, |Saccharopine
213.1231

20 2.23 |385.12942 C14H20NsOsS  |136.0618, |S-Adenosyl-
134.0271 |homocysteine

21 260 |152.05724 CsHsNsO 135.0301, |Guanine
128.0455
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Peak Rt [M+H]* [M-HJ Formula Fragment | Assignment | Ref.
s found
22 2.63 282.08385 [C10H13NsOs  [150.0407, |Guanosine
133.0142
23 2.74 163.03952 |CoHsOs3 119.0487, |p-Coumaric acid
93.0329
24 295 |268.10458 C10H13NsOs  |136.0617, |Adenosine™
119.0358
25 3.10 |252.10967 C10H13NsOs  [136.0618, |2-
117.0548 |Deoxyadenosine
26 3.21 166.08681 CoH11NO2 149.0598, |Phenylalanine™ |27
131.0493
27 486 [220.11850 CoH17NOs 202.1073, |Pantothenic 27
184.0967 |acid”
28 6.49 |205.09771 C11H12N202  [188.0706, |Tryptophan™ 27
170.0599
29 6.75 [129.05517 CeHsOs3 111.0443, |Sotolone 27
101.0600
30 8.31 190.05042 C1oH7NOs3 162.0547, |Kynurenic acid
144.0435
31 9.53  |295.12940 C1aH1sN20s  |278.1017, |y-
232.0965 |Glutamylphenyl-
alanine
32 11.56 |186.11302 CoH1sNO3 168.1017, |Ecgonine
150.0909
33 12.32 593.15065 |C27H30015 503.1202, |Vicenin-2 28
473.1087
34 12.75 593.15065 |C27H30015 503.1215, |Apigenin-di-C- |28
473.1088 |hexoside
(Vicenin-2-
isomer)
35 13.17 563.14009 |C26H2s014 503.1187, |Vicenin-3 28
473.1091
36 13.74 |449.10839 C21H20011 395.0760, |Isoorientin 27
377.0658
37 13.75 563.14009 |CasH28014 503.1194, |Vicenin-1 28
473.1096
38 13.90 |200.12867 C1oH17NOs 182.1174, |Ecgonine methyl
100.0759 |ester
39 14.43 577.15574 |Ca7H30014 503.1193, |Apigenin-6-C- |28
473.1097 |glucoside-8-C-
rhamnoside
40 14.65 |433.11348 C21H20010 379.0805, |lsovitexin 27
361.0709
41 18.25 1195.57478 | Cs6H92027 705.3873, |Trigofoenoside |31
609.3632
42 18.49 905.47461 |Ca4H74019 773.4326, |Trigoneoside la |29
611.3798
43 18.62 1063.53252 | C51Hs4023 609.3646, |Protoyuccageni |31
447.3091 [n-S4
44 18.83 919.49026 |CasH76019 773.4315, |Trigoneoside Xa |30
611.3812
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Peak Rt [M+H]* [M-HJ Formula Fragment | Assignment | Ref.
s found

45 18.84 905.47461 |CasH74019 773.4336, |Trigoneoside Ib |29
611.3795

46 19.61 919.49026 |CasH76019 773.4322, |Trigoneoside Xb |30
611.3808

47 19.73 887.46405 |CasH72018 593.3680, |Trigoneoside VIII |30
431.3171

48 19.78 1225.58534 | C57Hg402s 1077.2218 |Trigoneoside 30
901.4799 |Xllla

49 19.88 889.47970 |CasH74018 757.4387, |Trigoneoside lla |29
595.3850

50 19.98 1063.53252 |C51Hg4023 755.4216, |Trigoneoside IVa |29
593.3688

51 20.00 1065.54817 |C51Hgs023 757.4368, |Trigofoenoside C |29
595.3844

52 20.10 1047.53760 | C51Hs4022 755.4216, |Asparasaponin | |31
575.3581 |(Protodioscin,

Trigonelloside C)

53 20.30 901.47970 |CasH74018 755.4237, |Trigoneoside 30
593.3704 |Xlla

54 20.37 903.49535 |CasH76018 757.4390, |Trigoneoside llla|29
595.3836

There have been 67 phytoconstituents identified in the hydro-
alcoholic fenugreek seed extract as shown in Table 2.
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Figure 3. Total ion chromatogram of hydro-alcoholic extract of fenugreek in
positive ionisation mode.
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Figure 4. Total ion chromatogram of hydro-alcoholic extract of fenugreek in

negative ionisation mode.

Table 2. Phytoconstituents identified in the hydro-alcoholic fenugreek seed extract.
Rt —retention time; [M+H]+ - molecular ion masses; [M+H]- - the found fragment ion

mass; Ref- references; (*) [M]+; (**) confirmed by standards.

Peak Rt [M+H]* [M-HJ Formula |Fragments| Assignment Ref.
found

1 1.22 104.10754" CsH1aNO 60.0814,  |Choline 27
59.0736

2 1.32 138.05550" C7HsNO2 110.0604, |Trigonelline 27
96.0447

3 1.31 175.11951 CeH14N4O2  |158.0923, |Arginine™ 27
130.0975

4 1.31 148.06099 CsHaNO4 130.0863, |Glutamic acid 27
102.0553

5 1.31 118.08681 CsH11NO2 59.0736, Betaine 27
58.0657

6 140 189.12392 CsH1eN20s  |172.0962, |N-a-Acetyl-lysine
130.0862

7 142 146.09296 CsH11NsO2  {128.0810, |(4-
111.0556  |Guanidinobutyric

acid
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Peak Rt [M+H]* [M-HJ Formula |Fragments| Assignment Ref.
found

8 1.46 130.08681 CeH11NO2 84.0812, Pipecolic acid
67.0547

9 1.63 124.03986 CesHsNO2 96.0448, Nicotinic acid™ 27
80.0500

10 1.72 283.06786 |C1oH12N4sOs [151.0248, |Xanthosine
108.0188

11 1.73 243.06171 |CoH12N20s  [200.0556, |Uridine
153.0292

12 1.72 170.08172 CsH11NO3 152.0705, |Pyridoxine™ 27
134.0601

13 1.79 182.08172 CoH11NO3 165.0545, |2-Hydroxyphenyl-
147.0440 |alanine

14 1.93 123.05584 CsHeN20O 106.0288, |Nicotinamide™ 27
96.0448

15 2.09 277.13997 Ci11H20N20e  [259.1282, |Saccharopine
213.1233

16 2.20 385.12942 C14H20NsOsS |136.0617, |S-Adenosyl-
134.0270  |homocysteine

17 2.62 282.08385 |C1oH13NsOs [150.0408, |Guanosine
133.0142

18 2.66 163.03952 |CoHsO3 119.0487, |p-Coumaric acid
93.0331

19 2.95 268.10458 C1oH13NsOs  [136.0617, |Adenosine”™
119.0358

20 3.10 252.10967 C1H13NsO3  |136.0617, |2-
117.0547  |Deoxyadenosine

21 3.17 166.08681 CoH11NO2 149.0600, |[Phenylalanine”™ |27
131.0492

22 3.37 153.04126 CsHaN4O2 136.0142, |Xanthine
110.0351

23 4.80 220.11850 CoH17NOs 202.1071, |Pantothenic acid™ |27
184.0967

24 6.33 205.09771 C11H12N202  [188.0705, |Tryptophan™ 27
170.0597

25 6.75 129.05517 CeHsOs 111.0443, |Sotolone 27
101.0601

26 8.35 190.05042 C1oH7NO3 162.0547, |Kynurenic acid
144.0444

27 9.50 295.12940 C14H18N20s  |1278.1019,  |y-Glutamylphenyl-
232.0964 |alanine

28 9.94 134.04534 C4H7NO4 116.0344, |Aspartic acid
88.0397

29 9.94 298.09739 C11H1sNsO3S [163.0423, |5-S-Methyl-5'-
145.0318 |thioadenosine

30 10.92 455.09680 |C17H21N4OgP |255.0886, |Flavin
241.0725 |mononuclectide
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Peak Rt [M+H]* [M-HJ Formula |Fragments| Assignment Ref.
found
31 1153 [186.11302 CoH15sNO3 168.1018, |Ecgonine
150.0914
32 11.81 |271.06065 C15H100s 253.0483, |Genistein 56
243.0648
33 12.10 593.15065 |C27H30015 503.1193, |Vicenin-2 28
473.1087
34 12.58 593.15065 |C27H30015 503.1192, |Apigenin-di-C- 28
473.1088 |hexoside
35 1281 |193.05009 C10HsO4 178.0259, |Scopoletin 27
165.0544
36 13.10 563.14009 |C26H28014 503.1177, |Vicenin-3 28
473.1092
37 13.17  |229.08647 C1aH1203 211.0754, |Resveratrol
183.0804
38 1352  |449.10839 Ca21H20011 395.0754, |lsoorientin 27
377.0649
39 13.70 563.14009 |C2sH28014 503.1196, |Vicenin-1 28
473.1077
40 13.82  |200.12867 C1woHi7NOs  |182.1176, |Ecgonine methyl
100.0602 |ester
41 13.96 |433.11348 C21H20010 415.1003, |Vitexin 27
397.0918
42 14.33 577.15574 |C27H30014 503.1193, |Apigenin-6-C- 28
473.1084  |glucoside-8-C-
rhamnoside
43 1451 |433.11348 C21H20010 379.0811, |Isovitexin 27
361.0699
44 14.77 461.10839 |C22H22011 371.0772, |Scoparin
353.0667
45 1569 |493.13461 Ca3Ha5012 331.0806, |Tricin-7-O- 57
316.0572  |glucoside
46 16.18  |595.14517 CaoH26013 431.0971, |Luteolin-8-C-(2"- |58
413.0861 |O~E)p-
coumaroyl-
glycoside)
47 17.53 271.06065 | CisH120s 227.0709, |[Naringenin
177.0181
48 18.12 1195.57478 |Cs6Ho2O27 705.3867, |Trigofoenoside G |31
609.3640
49 18.36 905.47461 |CaaH74019 7734312, |Trigoneosidela |29
611.3799
50 18.49 1063.53252 |Cs51Hs4023 609.3642, |Protoyuccagenin- |31
447.3113
51 18.75 919.49026 |CasH76019 773.4318, |Trigoneoside Xa |30
611.3799
52 18.91 905.47461 |Ca4H74019 773.4330, |Trigoneosidelb |29
611.3799
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Peak Rt [M+H]* [M-HJ Formula |Fragments| Assignment Ref.
found

53 1897 [331.08178 C17H14O7 316.0573, |Tricin 27
315.0494

54 19.05 299.05556 |Ci16H1206 284.0326, |Chrysoeriol 32
256.0375

55 19.57 887.46405 |Ca4H72018 593.3685, |Trigoneoside VIII |30
431.3164

56 19.61 919.49026 |CasH76019 773.4322, |Trigoneoside Xb |30
611.3808

57 19.62 1225.58534 |Cs57H94O28 1077.98729 | Trigoneoside Xllla|30
01.4840

58 19.87 271.09704 (C16H1404 243.1017, |Medicarpin 27
161.0595

59 19.67 889.47970 |Ca4H74018 757.4375, |Trigoneoside lla |29
595.3850

60 19.69 935.48518 | CasH76O20 757.4380, |Protoneogitogenin |31
595.3840 |-S5

61 19.79 1063.53252 |Cs51Hs4023 755.4224, |Trigoneoside IVa |29
593.3696

62 19.74 1065.54817 |Cs1Hss023 757.4377, |Trigofoenoside C |29
595.3851

63 19.97 1047.53760 |Cs1HssO2 755.4224, |Asparasaponin| |31
575.3589 |(Protodioscin,

Trigonelloside C)

64 20.19 901.47970 |CasH74018 755.4287, |Trigoneoside Xlla |30
593.3687

65 20.29 903.49535 |CasH76018 757.4388, |Trigoneoside llla |29
595.3852

66 2147 941.51100 |CasH7sO1s 733.4561, |Soyasaponin |
615.3893

67 2722 |457.36818 CaoHas0s3 411.3607, |Ursolic acid
393.3505

The phytoconstituents were defined based on specific retention time,
accurate mass, isotopic distribution and fragmentation pattern, and by screening
MS databases like Metlin, mzCloud and Massbank. All together the detected
compounds could be rendered into ten categories of phytoconstituents, while
the aqueous and hydro-alcoholic fenugreek seed extracts were featuring both
similarities and differences with respect to their content (Table 3).
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Table 3. Phytoconstituents identified in the aqueous and hydro-alcoholic fenugreek
seed extracts. Compounds to be found only in aqueous extract are shown in blue,
while compounds found only in hydro-alcoholic extracts are high lightened in yellow.

Phytoconstituents Aqueous | Hydro-

fenugreek | alcoholic

fenugreek
+

Ecgonine

Ecgonine methyl ester

Kynurenic acid

Alkaloids Trigonelline

Amino acids 2-Hydroxyphenylalanine
4-Guanidinobutyric acid

Arginine

Asparagine?

Betaine (Trimethylglycine)
Glutamic acid

Aspartic acid®

Phenylalanine

Pipecolic acid

Tryptophan

N-a-Acetyl-lysine
4-Hydroxyisoleucin?
y-Glutamylphenylalanine
Coumarins Scopoletin®

Flavonoids Naringenin®

Chrysoeriol°

Tricin®

Luteolin-8-C-(2"-O-(E)-p-
coumaroylglycoside)®
Tricin-7-O-glucoside®

Genistein®

Vitexin (Apigenin-8-C-glucoside)?
Isovitexin (Apigenin-6-C-glucoside) +
Medicarpin®

Scoparin (Chrysoeriol-8-C-
glucoside)®

Vicenin-2 (6,8-Di-C-glucosylapigenin) +
Apigenin-di-C-hexoside (Vicenin-2- +
isomer)
Vicenin-3 (6-C-Glucosyl-8-C- + +
xylosylapigenin)
Isoorientin (Homoorientin, Luteolin-6- +
C-glucoside) +
Vicenin-1 (6-C-Xylosyl-8-C- + +
glucosylapigenin)
Apigenin-6-C-glucoside-8-C- + +
rhamnoside

+ ||+ [+ ]+

N o o R N R o o [ S

[+ [+ ]+ +

+ |+ |+ |+ + ]|+

+ ||+ [+ ]+

+| |+ [+ + ]+

+

+
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Phytoconstituents Aqueous | Hydro-
fenugreek | alcoholic
fenugreek
Other Sotolone(3-Hydroxy-4,5-dimethyl- + +
metabolites 2(5H)furanone)
Choline +
Saccharopine +
Polyphenols Resveratrol°
p-Coumaric acid +
Purines and 5'-S-Methyl-5'-thioadenosine®
pyrimidine 2'-Deoxyadenosine

Adenine?

Adenosine

Adenosine 3',5'-cyclic
monophosphate?

Cytidine?

Flavin mononucleotide (FMN)?
Guanine?

Guanosine
S-Adenosylhomocysteine
Uridine

Xanthine®

Xanthosine

Saponins Soyasaponin I°

Trigoneoside la

Trigoneoside |Ib

Trigoneoside lla

Trigoneoside llla

Trigoneoside 1Va
Trigoneoside VI

Trigoneoside Xa

Trigoneoside Xb

Trigoneoside Xlla
Trigoneoside Xllla
Asparasaponin | (Protodisocin,
Trigonelloside C)
Trigofoneoside C
Trigofoneoside G +
Protoneogitogenin-S5°
Protoyuccagenin-S4 +
Terpenoid Ursolic acid®
Vitamines Nicotinamide +
Nicotinic acid (B3, niacin)®
Pantothenic acid (B5) +
Pyridoxine (B6) +

+| |+ [+ ]+

+

+ |+ |+ |+

+

+

+ |+ |+ ]|+

+

o S S o [ S S (R R S I I [ B S g

o S N [ ) S [ R S

+

||+ +

aCompounds to be found only in aqueous extract,
bCompounds found only in hydro-alcoholic extracts
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According to our current knowledge, we are the first to identify among
the alkaloid type of compounds the ecgonine methyl ester and ecognine in
fenugreek seed extracts. In mice, ecgonine methyl ester was shown to protect
against cocaine lethality. This effect is consistent with its vasodilatory effects [34].
Moreover, we are reporting for the first time in fenugreek extracts the presence of
kynurenic acid that is produced via the kynurenine pathway of tryptophan amino
acid catabolism, the latest to be found in our both fenugreek extracts [35]. The
neuroprotective role of kynurenic acid has been demonstrated [36]. Our
experiments confirm the presence of trigonelline in our both fenugreek seed
extracts. Trigonelline was shown to inhibit Nrf2 together with blocking of Nrf2-
dependent expression of proteasomal genes [37].

We were able to detect the 4-hydroxyisoleucin, the most abundant amino
acid in fenugreek seeds together with asparagine both being only present in
the aqueous extract. Aspartic acid was present only in the hydro-alcoholic
fenugreek seed extract, while all the other amino acids listed in Table 3 could
be found in both extracts.

Among coumarins we are reporting for the first time the identification
of scopoletin in hydro-alcoholic extract of fenugreek seeds, a compound that
has already described in fenugreek root, shoot, pod, stem and leaves [18, 38].
Scopoleptin was suggested to have an important anti-inflammatory effect by
inhibiting the phosphorylation of NF-kB and p38 MAPK in mice [39], and to
inhibit human tumor vascularization in xenograft models [40].

Flavonoids like naringenin, vitexin (apigenin-8-C-glucoside), luteolin-
8-C-(2"-O-(E)-p-coumaroylglycoside, isoorientin, vicenin-1, vicenin-2, vicenin-3
(6-C-glucosyl-8-C-xylosylapigenin), apigenin-6-C-glucoside-8-C-rhamnoside,
chrysoeriol and tricin had been reported already in fenugreek seeds [5, 28-33].
However, flavonoids like, tricin-7-O-glucoside, genistein, isovitexin (apigenin-6-C-
glucoside), medicarpin, scoparin and apigenin-6-C-glucoside-8-C-rhamnoside
are revealed for the first time in fenugreek seed extracts.

The scoparin is a chrysoeriol glucoside and its biological effects are not
known. In case of chrysoeriol was shown to partly inhibit adipogenesis by blocking
the accumulation of triacylglycerol in the 3T3-L1 cells [41]. Moreover, it was
demonstrated that chrysoeriol is a PI3K-AKT-mTOR pathway inhibitor with
potent antitumor activity against human multiple myeloma cells in vitro [42].

The genistein is an estrogen agonist phytoestrogen, and when isolated
from soy, it is reported to display neuroprotective effects against neuronal death
in animal models [43]. Experimental data suggested that genistein may exhibit
anticancer properties on HT29 colon cancer cells by modulating caspase-3
and p38 MAPK pathway at different transcriptional and protein levels [44].

The isovitexin (apigenin-6-C-glucoside), an isomer of vitexin, generally
occurring together with vitexin, and together are exhibiting diverse biological
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activities like anti-oxidant, anti-cancer, anti-inflammatory, anti-hyperalgesic, and
neuroprotective effects [45].

The medicarpin was shown to have osteogenic activity promoting bone
regeneration by activating Wnt and Notch signalling pathway [46]. Medicarpin
it was suggested to have pro-apoptotic effects against drug-sensitive (P388)
and multidrug resistant P388 leukemia cells [47].

The polyphenol content of fenugreek seeds was also analysed, and
the presence of resveratrol had been demonstrated for the first time in our
hydro-alcoholic extract. Resveratrol was shown to affect lipids and arachidonic
acid metabolisms, and together with its antioxidant activity elicited a great
research interest in fields such as cancer, neurodegenerative and cardiovascular
diseases and metabolic disorders [48].

Trigocoumarin and caffeic acid seemed to be present at a low abundance
in our aqueous fenugreek seed extract as suggested by the molecular mass
corresponding peaks, and the structure confirming isotopic pattern, but no
fragmentation profiles were generated hence they have not been included in
the tables with phytoconstituents.

The quercetin, p-coumaric acid and chlorogenic acid were poorly detectable
in both extracts, and again the fragmentation profile based evidences are
missing, yet molecular masses and isotopic patterns are available. Nevertheless
they have not been included into the tables with phytoconstituents.

Among metabolites we were able to identify sotolone (3-Hydroxy-4,5-
dimethyl-2(5H)furanone), choline and saccharopine as new phytoconstituents
in fenugreek seed extracts. We have to admit that sotolone was also detected in
fenugreek hairy root cultures [49]. The sotolone is known to impart powerful
Madeira-oxidized-curry-walnut notes to various hydro-alcoholic beverages. It
has been much studied in oxidized Jura flor-sherry wines, dry white wines,
aged Roussillon sweet wines, and old Port wines, in which it contributes to
the characteristic "Madeira-oxidized" aroma of these beverages [50]. However, the
sotolone biological effects are not known, though it was shown to interfere
with the maple syrup urine disease, which is a rare autosomal-recessive metabolic
disorder caused by a deficit of oxidative decarboxylation of branched-chain
amino acids [51].

The choline is another phytoconstituent that we show to be present in
both of our fenugreek seed extracts. It has been demonstrated that choline
supplementation in insulin resistant (IR) mice would ameliorate muscle
function by remodelling glucose and fatty acid (FA) metabolism [52]. This will
be achieved by the reduction of glucose utilization for FA and triglyceride (TAG)
synthesis, and increased muscle storage of glucose as glycogen. It was
demonstrated that a choline reach diet would prevent non-alcoholic fatty
liver.
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We have identified for the first time the saccharopine in fenugreek seed
extracts. Lysine is catabolized in developing plant tissues through the
saccharopine pathway, and have been shown to be involved in the development
of maize seed and stress responses [53]. In the case of mammalian myotubes,
saccharopine was shown to stimulate Akt and mTOR signalling that has
suppressed autophagic-proteolysis, and might reduce muscle wasting [54].

Purines and pyrimidine such as 5'-S-Methyl-5'-thioadenosine, 2'-
deoxyadenosine, adenine, adenosine, adenosine 3',5'-cyclic monophosphate,
cytidine, flavin mononucleotide (FMN), guanine, guanosine, S-adenosyl-
homocysteine, uridine and xanthine have been identified for the first time in
fenugreek seed extracts. The presence of 5'-S-methyl-5'-thioadenosine in
apples was correlated with the conversion of methionine related to ethylene
biosynthesis [55]. S-adenosylhomocysteine is the by-product of all S-
adenosylmethionine-dependent transmethylation reactions, and its presence
seems to be related to cardiovascular disease, kidney disease, diabetes, and
obesity [56].

The presence of saponins was extensively studied in the case of
fenugreek including the vegetative organs and seeds of the plant [6-11]. The
trigoneoside profile of our fenugreek seeds was different from that described
for those originated from India and Egypt, respectively. Trigoneosides such
as la, Ib, lla, llla and 1Va were present, while trigoneosides like llb, Illb, Va, Vb,
VI, VIIb, VllIb and IX were absent from our extracts as compared to the Indian
fenugreek seed. On the other hand, trigoneosides like Xa, Xb, Xlla and Xllla
were identified, though trigoneosides like Xlb and Xllb were missing from our
fenugreek seed extracts as compared to the seeds of Egyptian origin. We
were able to detect soyasaponin | in our fenugreek seed hydro-alcoholic extract.
Soyasaponin | was shown to inhibit the Renin- Angiotensin- Aldosterone
System, so it could be considered a potent native anti-hypertensive compound
that has to be further tested [57]. However, diosgenin, gitogenin, tigogenin
and betulin were poorly detectable in our hydro-alcoholic seed extract, while
only traces of graecunin B, lupeol and betulinic acid were found in both of our
seed extracts. We have to admit that due to the relatively law abundance of
the above mentioned saponins in our extracts, we were unable to generate
fragmentation profiles, so that their presence, was defined by the molecular
mass corresponding peaks, and the structure confirming isotopic pattern.
Neotigenin and fenugrin B were absent from our fenugreek seed extracts. It
seems therefore likely that our fenugreek seed features a specific saponin
profile, and that is clearly distinct from that were previously described. This it
means that the hypocholesterolemic activity attributed to the saponin content
of earlier described fenugreek seeds has to be carefully re-examined in the
case of the fenugreek seed used in our experiments [12].
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We were able to identify in our fenugreek seed extracts some of the
already reported B group vitamins like niacin, pantothenic acid and pyridoxine,
while nicotinamide was detected for the first time, but biotin was absent
[24,25]. The thiamine, riboflavine, cyanocobalamin and vitamin C were hardly
detectable in our fenugreek seed extracts, so in the absence of fragmentation
profiles, their presence could only be confirmed by the molecular mass
corresponding peaks, and the structure specific isotopic pattern. It has been
suggested that some of the B vitamins act as cancer risk reduction agent
[58], and having anti-inflammatory effects associated with atherosclerosis
and autoimmunity [59].

We were also able to identify for the first time among terpenoids the
ursolic acid that was present only in the hydro-alcoholic fenugreek seed extract.
It has been demonstrated that the ursolic acid exerted anti-oxidative and anti-
inflammatory effects on mouse brain injury model by activating the Nrf2-ARE
pathway [60], while its anti-cancer and anti-metastatic effects were also proven
[61,62].

CONCLUSIONS

The comparative chemomapping of aqueous and hydro-alcoholic
fenugreek seed extracts revealed already known and new phytoconstituents
that further support the antidiabetic effects of fenugreek seeds. Originally, these
antidiabetic effects were attributed mainly to galactomannan, 4-hydroxyisoleucin
(4-OH-lle), diosgenin and trigonelline [63]. It had been shown that these
compounds featured direct antidiabetic properties in clinical studies by increasing
insulin secretion (4-OH-lle), decreasing insulin resistance and glucose resorption
(galactomannan), and improvement in B-cells regeneration (trigonelline).
Moreover, the presence of such phytoconstituents in our extracts is expected
to improve blood lipid spectre (4-OH-lle, diosgenin), and to show reno-protective
(4-OH-lle, trigonelline), neuroprotective (trigonelline) and antioxidant (diosgenin,
trigonelline) properties. Other phytoconstituents identified in our seed extracts
plead for a more substantial neuroprotective (kynurenine, genistein, vitexin,
isovitexian), anti-inflammatory (trigonelline, scopoletin, ursolic acid, vitamins),
hypocholesterolemic (saponins), muscle and/or hepatic insulin resistance
reducing (choline) effects. However, when the phytoconstituent profile of saponins
from Hungarian seeds was compared to the previously reported Indian and
African seeds some differences were imminent. These differences were of
qualitative nature but it seems logic to envision other dissimilarities at the
quantitative level too. The ecological and cultivation conditions together with the
genome based specificities are going to influence the qualitative and quantitative
phytoconstituent profile of any fenugreek cultivated variety. This is the reason
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why the careful assessment of chemical composition of fenugreek seeds from
different sources is of great importance especially if they are intended for
human consumption.

Given the large body of phytoconstituents found in fenugreek seed
with effects that span across a wide health promoting spectrum, the future
studies are expected to shed light on the quantitative parameters, and the
cellular mechanisms attributed to such extracts. In this respect, remains to
be elucidated whether such a multi phytoconstituent extract elicits an
overcompensation to a disruption of homeostasis or a direct stimulatory
response. It is expected that both overcompensation/disruption of homeostasis
or stimulatory response will be below the toxic threshold, yet highly consistent
with the hormetic concentration-response model [64]. This is exactly the case
for our aqueous fenugreek seed extract that at very low concentrations
increases the viability and division rate of human breast cancerous cells, while
at high concentrations is exceedingly cytotoxic [27]. Moreover, our hydro-
alcoholic fenugreek seed extract features only cytotoxicity and no evident
dose-dependent hormetic response. Taken together our paper is one such an
attempt that tries to correlate the phytoconstituent profile of fenugreek seed
extracts with their corresponding biological effect seen in case of human
breast cancerous cell lines. More system biology type of experiments are
needed to unravel the complexity of beneficial effects of fenugreek.

EXPERIMENTAL SECTION
X. Materials and methods

x.1. Chemicals and reagents

Acetonitrile, water and formic acid were procured from Fisher Scientific
(Geel, Belgium), while ammonium acetate and ammonium formate were
from Sigma-Aldrich (Munich, Germany).

x.2. Plant material

The fenugreek seeds were obtained from TRIGONELLA MED. LTD.,
Mosonmagyaroévar, Hungary.

x.3. Sample preparation

The aqueous extract was obtained by boiling 5g fenugreek dried
seeds in 100 ml water for 5 minutes then left to cool down at room
temperature and centrifuged for 10 minutes at 4000 rpm. The obtained
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supernatant was filtered through Whatman filter paper, and aliquots stored
in 15 ml Falcon tubes at -20°C freezer up until their use.

To obtain the hydro-alcoholic (ethanol : water 1:1) extract, 5 g dried
fenugreeks seeds were extracted two times with 500 ml ethanol-water (1:1)
by stirring for 4h at 40 °C. The generated primary extract was centrifuged at
4000 rpm for 10 min at room temperature, and finally the ethanol was removed
using a rotation vacuum evaporator. The ethanol free extract was filtered using a
45 pm Milipore filter unit and stored at 4°C until further studies.

x.4. UHPLC-ESI-MS analysis

A Dionex Ultimate 3000RS UHPLC system equipped with a Thermo
Accucore C18 column, 100/2.1 with a particle size of 2.6 ym was coupled to a
Thermo Q Exactive Orbitrap mass spectrometer equipped with an electrospray
ionization source (ESI), and the measurement accuracy was within 5ppm. The
mass spectrometer was operated at 320°C capillary temperature, 4.0 kV in
positive mode and 3.8 kV in negative mode of spray voltage, and a resolution
of 35,000 in the case of MS, while 17,500 was for MS/MS. The 100-1000 m/z
was the scanned mass interval. For MS/MS scans the collision energy was
40NCE. The difference between measured and calculated molecular ion
masses were always below 5 ppm.

In case of positive ionization mode UHPLC separation, a specific eluent
A (500 ml of water containing 10 ml of acetonitrile, 0.5 ml of formic acid and
2.5 mM of ammonium formate) and eluent B (500 ml of acetonitrile containing
10 ml of water, 0.5 ml of formic acid and 2.5 mM of ammonium formate)
combination was used.

For the negative ionization mode UHPLC separation, another combination
of eluent A (500 ml of water containing 10 ml of acetonitrile and 2.5 mM of
ammonium acetate) and eluent B (500 ml of acetonitrile containing 10 ml of
water and 2.5 mM of ammonium acetate) was applied.

The flow rate was set for 200 ul/min, and the same gradient elution
program was used both positive and negative ionization mode type of
determinations (0-1 min, 95% A, 1-22 min, 20% A; 22-24 min, 20% A; 24-26
min, 95% A; 26-40 min, 95% A). 5 ul of aqueous or hydro-alcoholic fenugreek
seed extracts were injected at every run.
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ABSTRACT. The purpose of this study was the development and validation
of an LC-MS/MS method, for the concomitant and rapid determination
amoxicillin and clavulanic acid from human plasma. The sample workup
involved a simple protein precipitation procedure. A core/shell type analytical
column (50x2,1 mm, 2.6 A) was used with PFP stationary phase. A mobile
phase with high aqueous composition provided satisfactory separation with
good accuracy and precision (stable ionization). The mass spectrometer was
operated in positive electrospray ionization mode for both analytes and internal
standard. The following parameters were evaluated for validation purpose:
Selectivity, sensitivity, matrix effect, anticoagulant effect, linearity, precision
and accuracy, recovery, analyte/IS stability in solvent/matrix and carryover.
The validated calibration range was 190-22222 ng/ml for amoxicillin, and
147-4908 ng/ml for clavulanic acid. The correlation coefficient R? was at least
0.99 for both analytes. The validated method has been successfully used
for the evaluation bioequivalence of generic amoxicillin/potassium clavulanate
formulations.
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INTRODUCTION

Amoxicillin (2S,5R,6R)-6-[(R)-(-)-2-Amino-2-(p-hydroxyphenyl) acet-
amido]-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo [3.2.0]-heptane-2-carboxylic
acid trihydrate (C16H19N305S+3H20) is a semisynthetic antibiotic, an analog
of ampicillin derived from 6-aminopenicillanic acid is shown in Figure 1, with
a broad spectrum of bactericidal activity against many gram-positive and
gram-negative microorganisms [1].

HoN o o

HO

Figure 1. Structure of amoxicillin

Amoxicillin is susceptible to degradation by B-lactamases, and
therefore, the activity spectrum does not include organisms which produce
these enzymes [1].

Clavulanic acid (2)-(2R,5R)-3-(2-hydroxyethylidene)-7-oxo-4-oxa-1-
azabicyclo[3.2.0]-heptane-2-carboxylic acid (CsHsKNOs — potassium salt) is
a B-lactam (Figure 2), produced by the fermentation of Streptomyces
clavuligerus structurally related to the penicillins, which possesses the ability
to inactivate a wide range of B-lactamase enzymes commonly found in
microorganisms resistant to penicillins. In particular, it has good activity
against the clinically important plasmid-mediated B-lactamases frequently
responsible for transferred drug resistance [15].

Figure 2. Structure of clavulanic acid
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The formulation of amoxicillin and clavulanic acid (as potassium salt)
protects amoxicillin from B-lactamase enzymes degradation and effectively
extends the antibiotic spectrum of amoxicillin to many bacteria normally
resistant to amoxicillin and other B-lactam antibiotics. Thus amoxicillin/
clavulanic acid possesses the distinctive properties of a broad-spectrum
antibiotic and a B-lactamase inhibitor [5].

RESULTS AND DISCUSSION

Determination of acquisition parameters

There are several methods known in the literature for the individual
and/or simultaneous determination of amoxicillin and clavulanic acid in
human plasma and other biological matrix using UV [2,6,11,13] and MS/MS
methods [3-5,7-9,12]. All MS/MS methods involve polarity switching, for
monitoring the clavulanic acid in negative electrospray ionization mode.
The method developed in this study uses positive ionization mode for the
detection of all entities. Even if the clavulanic acid prefers a negative
ionization mode, the abundance in positive ionization mode was high enough
to achieve a suitable LLOQ (Lower Limit of Quantitation).

The m/z transitions used for multiple reaction monitoring (MRM) were
chosen based on the spectra from Figures 3-5. The monitored transitions
should not interfere in their m/z value, specific for a given analyte. Their
intensity should be as high as possible for the qualifiers, and the qualifier/
quantifier ratio should remain stable over the time. Taking into account the
considerations above the following transitions were chosen for the quantitative
assay method:

Amoxicillin: m/z 366.2—349.2, (366.2—208.1 qualifier ion) CE 5V,

Clavulanic acid: m/z 200.1—96.0 (200.1—112.1 qualifier ion) CE 7V,

Ampicillin (IS): m/z 350.2—106.2 (350.2—160.0 qualifier ion) CE 10V.
(CE - Caollision Energy)

For each analyte/IS (Internal Standard) the single charged molecular
ions were used as precursors.
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Figure 3. ESI (+) Spectrum of Amoxicillin
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Figure 5. ESI (+) Spectrum Ampicillin (IS)
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Figure 6 shows a typical MRM total ion chromatogram for an ULOQ
(upper limit of calibration) sample. The elution order is: clavulanic acid,
amoxicillin, ampicillin (IS) Values are back calculated concentrations for each
analyte.

+ TIC MRM(** -> *) PA_1_Cal 8 1.d

x10 47
6.5

Abundance

T T T T T T T T T T T T T T T T T T T T T T T T
02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48
Acquisition Time (min)

Figure 6. MRM chromatogram of Cal8 (clavulanic acid 4822.58 ng/ml, amoxicillin
22146.87 ng/ml, ampicillin 598.82 ng/ml)

It's noticeable, that no significant spectral response has been observed
at the retention time of the analytes/IS in matrix blank samples (Figure 7).
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Figure 7. MRM chromatogram of DBI1 (matrix blank 0 ng/ml each analyte)
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Bioanalytical method validation

The analytical method was validated according to the EMEA/CHMP/
EWP/192217/2009 Guideline on validation of bioanalytical methods [14].

The tested parameters were: selectivity, sensitivity, matrix effect,
anticoagulant effect, intra/interbatch precision and accuracy, recovery, short/
long term stability of stock solutions of analytes, short term stability of working
solutions of analytes, bench top stability in biological matrix, freeze thaw stability
in biological matrix, injector/autosampler stability of the processed samples,
stability during delayed processing, dilution integrity, carryover. All tests were
performed using 6 replicates at the mentioned QC (Quality Control) levels.

The validated calibration range was 190-22222 ng/ml for amoxicillin,
and 147-4908 ng/ml for clavulanic acid. The calibration curves were obtained
using a quadratic weighted (1/x?) for Amoxicillin and quadratic weighted (1/x?)
for Clavulanic Acid regression analysis of the peak area ratio (analyte/internal
standard) versus the nominal concentration of the calibration standards. A
summary of main results of validation batches is presented in Tables 1 and 2.

Summary of method validation

Table 1. Bioanalytical method validation summary for amoxicillin

Calibration concentrations (Units)

190.48, 476.20, 1190.50, 2380.99, 4761.99,
9523.98, 15873.30, 22222.61 (ng/ml)

Lower limit of quantification (Units)

LLOQ, 190.48 ng/ml, Accuracy 113.22 %,
RSD 0.86

QC Concentrations (Units)

LLOQ-QC, LQC, MQC, HQC
190.48, 476.20, 4761.99, 15873.30 (ng/ml)

Between-run accuracy (%)

LLOQ-QC, LQC, MQC, HQC
111.08, 94.84, 99.46, 104.46

Between-run precision (RSD)

LLOQ-QC, LQC, MQC, HQC
2.78,2.38,1.76, 1.42

LQC
Matrix factor (MF) 0.8385
RSD 3.97
Recovery (%) LQC MQC HQC

73.64 75.94 77.34

Long term stability of stock solution and
working solutions (Observed change %)

Confirmed up to 30 days at 4 °C
LQC Stab. 95.21, change —4.79%
HQC Stab. 93.81 change —7.19%

Short term stability in biological matrix at
room temperature or at sample processing
temperature. (Observed change %)

Confirmed up to 48.71(6) h
LQC Stab. 100.85, change + 0.85%
HQC Stab. 100.28 change +0.28%

Long term stability in biological matrix
(Observed change %)

Confirmed up to 38 days at -50 °C
LQC Stab. 107.60, change +7.60%
HQC Stab. 105.00 change +5.00%
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Autosampler storage stability
(Observed change %)

Confirmed up to 72 h
LQC Stab. 97.85, change -2.15%
HQC Stab. 97.39 change -2.61%

Freeze and thaw stability
(Observed change %)

-50 °C, 3 cycles
LQC Stab. 100.23, change +0.23%
HQC Stab. 98.99, change —1.01%

Dilution integrity

Concentration diluted (2-fold)
99.67 %; RSD 1.46 %
Concentration diluted (4-fold)
99.55%; RSD 3.39 %

Table 2. Bioanalytical method validation summary for clavulanic acid

Analyte — Clavulanic acid

Calibration concentrations (Units)

147.25, 267.73, 501.99, 1003.97, 1673.29,
2454.15, 3569.68, 4908.31 (ng/ml)

Lower limit of quantification (Units)

LLOQ, 147.25 ng/ml, Accuracy 105.98 %,
RSD 5.22

QC Concentrations (Units)

LLOQ-QC, LQC, MQC, HQC
147.25, 267.73, 1673.29, 3569.68 (ng/ml)

Between-run accuracy (%)

LLOQ-QC, LQC, MQC, HQC
101.91, 100.73, 100.26, 101.74

Between-run precision (RSD)

LLOQ-QC, LQC, MQC, HQC
4.99,3.09,2.24,1.79

LQC
Matrix factor (MF) 0.7038
RSD 3.68
Recovery (%) LQC MQC HQC

72.04 75.16 75.37

Long term stability of stock solutions
(Observed change %)

Confirmed up to 14 days at 4 °C
LQC Stab. 90.52, change —9.48%
HQC Stab. 89.57 change —10.43%

Short term stability in biological matrix at
room temperature or at sample processing
temperature. (Observed change %)

Confirmed up to 48.71(6) h
LQC Stab. 97.33 change -2.67%
HQC Stab. 96.41 change —3.59%

Long term stability in biological matrix
(Observed change %)

Confirmed up to 38 days at -50 °C
LQC Stab. 102.05, change +2.05%
HQC Stab. 107.86 change +7.86%

Autosampler storage stability
(Observed change %)

Confirmed upto 72 h
LQC Stab. 96.33, change —3.67%
HQC Stab. 96.05 change - 3.95%

Freeze and thaw stability
(Observed change %)

-50 °C, 3 cycles
LQC Stab. 103.66, change +3.66%
HQC Stab. 99.12, change —0.88%

Dilution integrity

Concentration diluted (2-fold)
97.24 %; RSD 0.99%
Concentration diluted (4-fold)
93.65 %; RSD 2.42 %

PA — Precision and Accuracy batch

LQC/MQC/HQC - Low/Medium/High Quality Control sample
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Table 3. Linearity summary results for amoxicillin

Calibration level Nominal conc. Mean conc.+S.D RSD Accuracy
(ng/ml) (ng/ml) % %
Cal_1_1 190.48 213.34+7.77 3.64 112.00
Cal_1_2 190.48 215.05+2.07 0.96 112.90
Cal_2 476.20 439.69+3.47 0.79 92.33
Cal_3 1190.50 1037.28+41.79 4.03 87.13
Cal_4 2380.99 2215.72+69.24 3.12 93.06
Cal_5 4761.99 4569.95+126.44 2.77 95.97
Cal_6 9523.98 10229.15+£303.30 | 2.97 107.40
Cal_7 15873.30 15943.794£209.70 | 1.32 100.44
Cal_8_1 22222.61 22094.46+185.96 | 0.84 99.42
Cal_8_2 22222.61 22073.03+240.97 | 1.09 99.33
Table 4. Linearity summary results for clavulanic acid
Calibration level Nominal conc. Mean conc.+S.D RSD Accuracy
(ng/ml) (ng/ml) % %
Cal_1_1 147.25 152.2043.62 2.38 103.36
Cal_1_2 147.25 145.84+3.17 2.18 99.04
Cal_2 267.73 266.28+4.17 1.57 99.46
Cal_3 501.99 486.25+10.79 2.22 96.86
Cal_4 1003.97 1022.20+13.02 1.27 101.82
Cal_5 1673.29 1632.69+34.29 2.10 97.57
Cal_6 2454 .15 2526.76+91.56 3.62 102.96
Cal_7 3569.68 3526.70+120.87 3.43 98.80
Cal_8_1 4908.31 4893.25+70.37 1.44 99.69
Cal_8_2 4908.31 4929.98+43.00 0.87 100.44

CONCLUSIONS

A rapid and robust method has been developed and validated for
the simultaneous determination of amoxicillin and clavulanic acid in human
plasma. The quantitation was performed on an Agilent 1200 series HPLC
system, coupled to an Agilent 6410 triple quadrupole mass spectrometer,
using electrospray ionization technique. All components were detected in
positive ionization mode. The method was successfully used for the evaluation
of bioequivalence of a generic formulation of amoxicillin/ clavulanic acid in
human subjects.
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EXPERIMENTAL SECTION

Solvents and reference materials used

All used solvents are of HPLC grade. Dichloromethane (stabilized
with amylene) was purchased from Riedel (Sigma), formic acid and acetonitrile
from Merck KGaA, HPLC water was obtained using a Millipore Simplicity UV
water purification system. Certified reference materials of amoxicillin trihydrate,
potassium clavulanate and ampicillin trihydrate (internal standard-IS) were
obtained from Sigma-Aldrich and are of analytical standard grade (Vetranal).
Blank human plasma was obtained from the regional blood transfusion
center (CRTS) Clu;.

Instrumentation and working parameters

An Agilent 1200 series HPLC system with a Phenomenex Kynetex PFP
column (50 x 2.10 mm) equipped with Phenomenex Security Guard (4 x2.0 mm)
was used for separation. The used mobile phase was an isocratic mixture
of 8:92 acetonitrile:water (containing 0.25% formic acid). The used flow rate
was 0.3 ml/min, the column temperature was set to 38 °C. An Agilent 6410
triple Quadrupole Mass Spectrometer (Agilent Technologies, USA), equipped
with electrospray ion source was used for the LC-MS/MS analyses. The runtime
was 5 min/sample. The data acquisition and processing was carried out
using MassHunter software. The whole system (software and hardware) was
validated. The mass spectrometer was operated in positive ionization mode
for both analytes and IS. Nitrogen was used as nebulizing gas and collision
cell gas. The temperature of the ESI source was set to 350 °C, and the needle
voltage to 4000V.

The quantitation was performed using MRM (multiple reaction monitoring)
of the transitions: m/z 366.2—349.2, (366.2—208.1 qualifier ion) collision
energy 5V, for amoxicillin, 200.1—96.0 (200.1—112.1 qualifier ion) collision
energy 7V, for clavulanic acid, and 350.2—106.2 (350.2—160.0 qualifier ion)
collision energy 10V for ampicillin (1S).

The mass spectrometer was operated at unit resolution with a dwell
time of 300 ms per transition.

Stock and working solutions preparation

Stock solutions were prepared in ultrapure water dissolving accurately
weighed amounts of reference materials, at 1.7 mg/ml — amoxiclillin and
1 mg/ml K clavulanate and ampicillin. They were stored between 2-8 °C.
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Working solutions of analytes and internal standard were prepared
freshly before use by successive dilutions from stock solutions to appropriate
levels, using water as solvent. They were used for spiking in human plasma
used for calibrators and QC samples preparation.

Calibrators and QC samples preparation

400 plI of blank human plasma, 50 ul of spiking solution of analyte
and 50 pl of spiking solution of internal standard were added in polypropylene
tubes, to yield final concentrations of 190.48, 476.20, 1190.50, 2380.99,
4761.99, 9523.98, 15873.30, 22222.61 ng/ml for amoxicillin and 147.25,
267.73, 501.99, 1003.97, 1673.29, 2454.15, 3569.68, 4908.31 ng/ml for
clavulanic acid.

Sample preparation (workup)

To precipitate proteins, 1500 ul of acetonitrile was added to the spiked
samples, then vortexed for 20 minutes at 1500 rpm. Further the samples
were centrifuged for 10 minutes at 4000 rpm. 1750 ul of supernatant was
transferred into a new test tube. 1500 pl of ultrapure water and 5000 ul of
dichloromethane were added and the samples were vortexed for 5 minutes
at 1500 rpm. To accelerate phase separation samples were centrifuged for
10 minutes at 4000 rpm. Finally 800 ul of the resulting supernatant were
transferred to HPLC autosampler vials and injected into the analytical system
(15 pl/sample).

The novelty of the method is the extraction of acetonitrile from the
aqueous mixture with dicloromethane which was meant to reduce the
organic content of the samples as much as possible without evaporation. In
this way the organic content of the samples was close to the composition of
the mobile phase, giving a better peakshape of the chromatograms.
Furthermore, the presence of high amounts of acetonitrile in the samples
acts inhibitory on the ionization of clavulanic acid in positive acquisition
mode. The used docloromethane was stabilized with amylene (ethanol
stabilized dichloromethane should not be used, because alcohol promotes
the decomposition/hydrolysis [10] of the B-lactam ring in penicillin class
antibiotics).

Calibration curve parameters

The linearity of the method was evaluated using spiked plasma
samples in the concentration range mentioned above using the method of
least squares. Three linearity curves were analyzed.
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Each calibration batch (curve) consisted of: blank samples in duplicate,
zero samples (blank with IS) in duplicate and eight non-zero concentration
levels, of which the lower and upper limit of quantitation samples were in
duplicate. The calibration curves were obtained by using a quadratic weighted
(1/x?) for Amoxicillin and quadratic weighted (1/x?) for Clavulanic Acid regression
analysis of the peak area ratio (analyte/internal standard) versus the nominal
concentration of the calibration standards. Study samples concentrations were
obtained by interpolation from the calibration curve.

The linearity results are summarized in Tables 3 and 4 in the ‘Results
and Discussion’ section.
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KINETICS OF ZOLPIDEM AND ITS METABOLITE
AFTER SINGLE DOSE ORAL ADMINISTRATION

ANA-MARIA GHELDIU?, ALEXANDRA CSAVDARI®, MARCELA ACHIM?,
LAURIAN VLASE®, IOAN TOMUTA?, DANA MARIA MUNTEAN?

ABSTRACT. The present study aimed to describe the basic pharmacokinetics
of zolpidem and its metabolite zolpidem phenyl-4-carboxylic acid after a
single oral dose of 5 mg zolpidem. Six competing kinetic models were
created in order to analyze the experimental data obtained from the 20
healthy volunteers enrolled in a clinical study. Based on rational model
discrimination criteria (Akaike index value), the best one was chosen and
further used for a better understanding of the kinetics of zolpidem and its
metabolite in the body after administration. The kinetic model considers
that zolpidem absorption process follows a first-order kinetics and during
this stage it is partially metabolized (pre-systemic metabolism) to its main
metabolite. The kinetics of both zolpidem and its metabolite is characterized
by bicompartmental distribution and first order kinetics of both elimination
and systemic metabolism.

Keywords: zolpidem, zolpidem phenyl-4-carboxylic acid, compartmental
pharmacokinetic analysis

INTRODUCTION

Zolpidem is an imidazopyridine which acts at the benzodiazepine
w1-receptor subtype [1,2] exhibiting hypnotic-sedative action exclusively
due to agonist binding on the ai- gamma-aminobutyric acid type A (GABAx)
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receptors. Zolpidem is recommended for the reduction of sleep onset time,
increase total duration of sleep and sleep efficiency, given in doses of 5 up
to 7.5 mg [1,6] for the short-term treatment of insomnia [7].

Zolpidem displays rapid absorption after oral administration and has
an absolute bioavailability of about 70% [5,8]. Is characterized by linear
kinetics in the 5-20 mg dose range [5], is highly bound to plasma proteins
(around 92%) [6] and it is subjected to extensive hepatic metabolism [7,8].
Zolpidem is a substrate to several distinct CYP 450 isoenzymes, among which
the major metabolism pathway occurs through CYP3A4 (61%) [9,10,11].
It is converted to three pharmacologically inactive metabolites in the liver
via oxidation and hydroxylation, of which the 4-carboxy-derivative is the
predominant one (zolpidem phenyl-4-carboxylic acid — Z4CA), representing
72 up to 86% of the administered dose [12,13,14]. The time to reach the
maximum plasma concentration is around 0.5-3 hr and the half-life time of
zolpidem is about 2-3 hours [3,4].

Pharmacokinetics, by the quantitative study of the processes that
take place depending on time, offers a better understanding of the relationship
between the given/administered dose and the pharmacological effect [15].
The compartmental modeling approach of pharmacokinetics consists in
describing the processes that the administered drug is subjected to in the
body, depicted as an entity divided into distinct compartments with different
properties and specific affinities for the drug or drug metabolites [16]. The
drug leaves the site of administration by the process of absorption in order to
reach the central compartment from which is it further exchanged both-ways
with the peripheral compartments (distribution process) and it is later irreversibly
eliminated from the body (by metabolism and/or excretion). All the kinetic
processes that the drug undergoes in the body can be characterized by
transfer rate constants, which in linear kinetics (1st order kinetics) are
assumed to be directly proportional to the mass of transfer available drug
[1,8]. By performing compartmental and non-compartmental analysis, the
corresponding pharmacokinetic parameters of the drug can be obtained,
and they can be further used in drug formulation development [17],
bioequivalence assays or in therapeutic drug monitoring for patient-specific
dose adjustment [18].

The aim of this study was to create and to use a pharmacokinetic
model that can accurately describe the kinetic processes involved in
absorption, distribution, metabolism and elimination of zolpidem and zolpidem
phenyl-4-carboxylic acid (Z4CA) after oral administration of a single dose of
zolpidem in healthy volunteers, by comparing predicted values with actual
experimental data.
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RESULTS AND DISCUSSION

A number of six distinct mathematical models were created with the
purpose of assessing the pharmacokinetics of zolpidem and its main
metabolite, Z4CA. The characteristics of each individual kinetic model are
summarized in Table 1.

Table 1. Pharmacokinetic models of zolpidem and its metabolite
used in compartmental analysis

Pre-systemic | Systemic Zolpidem, Zolpidem phenyl-4-
Model metabolism | metabolism number of |carboxylic acid, number
kinetics kinetics |compartments of compartments
M1 No process 1st order 1 1
M2 No process 1st order 2 1
M3 No process 1st order 2 2
M4 1st order 1st order 1 1
M5 1st order 1st order 2 1
M6 1st order 1st order 2 2

The differences between the evaluated mathematical models
consisted in suppositions about the existence of pre-systemic metabolism of
zolpidem and about the number of compartments for both zolpidem and
ZACA. For instance, the first pharmacokinetic model (M1) assumes no pre-
systemic metabolism of zolpidem and monocompartmental distribution for
both zolpidem and its metabolite. The model M6 employs existence of pre-
systemic metabolism and bicompartmental distribution for both zolpidem and
ZACA. For each tested model, the process of compounds elimination along
with the systemic metabolism of zolpidem to zolpidem phenyl-4-carboxylic
acid were regarded as 1st order kinetic processes.

The schematic representation of the kinetic processes from model
M6 are shown in Figure 1.
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Figure 1. Schematic representation of kinetic processes from model M6, where
“0” is absorption compartment of zolpidem; “1” and “2” are central compartments of
zolpidem and zolpidem phenyl-4-carboxylic acid; “3” and “4” are their corresponding
peripheral distribution compartments; tiag is the latency time for absorption; k01 is
the absorption rate constant of zolpidem, f is the fraction of zolpidem converted
into metabolite during absorption (pre-systemic metabolism); k13, k31, k24, k42
are the distribution rate constants; k12 is the systemic metabolization rate constant of
zolpidem to metabolite; k10 and k20 are the elimination rate constants for zolpidem
(non-metabolic) and zolpidem phenyl-4-carboxylic acid. The kinetic processes are
represented by straight arrows.

For each analyzed kinetic model, the corresponding mathematical
differential equations were written and run by using Phoenix 6.1 software
package (Certara, SUA). The equations of model M6 are illustrated in
Figure 2.
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Figure 2. The mathematical equations of the kinetic model M6, where QZc and
QZp are the amount of zolpidem in central and peripheral compartment respectively;
QMc and QMp are the quantities of metabolite in central and peripheral compartments;
ConcZ and ConcM are the plasma concentrations of zolpidem and zolpidem phenyl-
4-carboxylic acid, V_F is the apparent volume of distribution of the central compartment.
All the other parameters used were previously presented

The mean plasma concentrations of zolpidem and zolpidem phenyl-
4-carboxylic acid were evaluated using the six kinetic models previously
described, after their implementation in Phoenix software. It was used the
same settings of the software minimisation engine for all models analysis:
weighting scheme 1/y (1/observed concentration), minimisation method:
Gauss-Newton (Levenberg and Hartley variant), convergence criterion: 0.0001.

The Akaike index (automatically calculated and provided by the analysis
software) was used for model discrimination [22,23]. The model that proved a
better fitting to the experimental data was characterised by a smaller Akaike index.
The Akaike values for the six analysed models are presented in Figure 3.

200 17589

4 157.12 152.66 157.93 156.64 14885
150 —4
S0
M02 MO03 MO0S MO06

MO1

Akaike index value

MO+

Pharmacokinetic model

Figure 3. Akaike index values for mathematical models used for characterisation of
zolpidem and zolpidem phenyl-4-carboxylic acid pharmacokinetics
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By visually inspecting the Akaike values presented in Figure 3, it can
easily be observed that model M6 fits the experimental data better than its
concurrent models, displaying the smallest Akaike value, therefore it was
elected as representative for describing the kinetics of zolpidem and Z4CA
after oral administration of a single dose of zolpidem.

Figure 4 presents a typical fitting of a subject dataset to representative
model M6 in comparison with M1. Zolpidem and Z4CA plasma concentrations
displayed a better correlation between the experimental (observed) and the
fitted (predicted) values in case of model M6 than in case of model M1.

Concentration (ng/mlL)
Concentration (ng/ml)

-
~~.
N
N
~
-~

Time (hr) Time (hr)

Figure 4. Typical fitting of model M1 (left) and model M6 (right) to a subject dataset
(o and A denote the experimental determined concentrations of zolpidem and its
metabolite, respectively; the continues and dotted lines are the fitted/computed
concentrations predicted by the kinetic model)

According to kinetic model M6, the pharmacokinetics of zolpidem is
characterised by a first order absorption kinetics with pre-systemic metabolism
to zolpidem phenyl-4-carboxylic acid. Once inside the body, both zolpidem and
ZACA are characterised by bicompartmental distribution. After absorption,
zolpidem is subject to systemic metabolism leading to the formation of the
main metabolite, zolpidem phenyl-4-carboxylic acid, following a first-order
kinetic process. Both compounds are further eliminated from the body by first
order kinetic processes. By using this representative pharmacokinetic model
for zolpidem and Z4CA, their characteristic pharmacokinetic parameters were
calculated (Table 2).
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Table 2. The kinetic parameters of zolpidem and zolpidem
phenyl-4-carboxylic acid calculated with model M6

Variable Mean SD % CV Median Geometric mean
Tiag (hr) 0.281 0.251 89.2 0.327 0.0248
k01 (hr') 0.644 0.603 93.7 0.367 0.47
f 0.311 0.177 57 0.251 0.226
k10 (hr') 0.135 0.164 121 0.0733 0.026
k12 (hr') 3.54 2.98 84.3 2.82 1.37
k13 (hr') 4.66 3.92 84.2 3.48 2.44
k31 (hr') 2.21 3.09 140 0.255 0.358
k20 (hr') 2.37 2.37 100 2.04 1.5
k24 (hr') 2.08 2.36 113 1.12 0.451
k42 (hr') 1.69 2.08 123 0.826 0.608
V F (L) 5660 4330 76.5 3690 4030

A considerable variability of calculated kinetic parameters of zolpidem
and its metabolite can be observed between the 20 subjects enrolled in the
study (Table 2). However, this is currently observed in clinical studies, involving
human subjects participation, due to natural biological and physiological
differences between subjects (inter-subject variability) [24,25].

The absorption of zolpidem is delayed for about 0.28+0.25 hours after
oral administration, the time needed for the biopharmaceutical processes to
take place (disintegration, release, dissolution of the drug molecules in the
liquid interior body medium) and for the drug molecules to reach into
duodenum. The absorption rate constant is 0.644+0.603 hr-1, which means
an absorption half-life time of about 1.076 hr. During the stage of absorption,
about 30% of the bioavailable amount of zolpidem is converted to inactive
metabolite which appears in plasma, meaning that the oral bioavailability of
zolpidem (pharmacologically active molecule) is approximately 70%.

The apparent volume of distribution for central compartment of both
zolpidem and metabolite is about 5660+4330 L, this high value being
expected as both compounds are lipophilic and highly bounded on tissue
proteins (approximately 92% protein binding). The kinetic model M6 considers
two possible elimination pathways for zolpidem: by systemic metabolism to
zolpidem phenyl-4-carboxylic acid (characterised by a rate constant k12) and
by other processes, primarily by renal excretion (characterised by an overall
rate constant k10). As it can be observed from Table 2, the value of k12
(3.54£2.98 hr-1) is much higher than k10 (0.135+0.164 hr-1). This means that
the majority of zolpidem (99.6%) is eliminated from the body by metabolism to
ZACA, the rest being eliminated by metabolization to other metabolites or by
direct renal excretion. Both zolpidem and its metabolite are distributed between
central and peripheral compartments, the latter exhibiting a higher affinity for
each compound (k13>k31 and k24>k42).
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The observed plasma concentrations of zolpidem phenyl-4-carboxylic
acid are due to both pre-systemic and systemic biotransformation of zolpidem.
The metabolite is eliminated following a first-order kinetic process, characterised
by a rate constant of 2.37+2.37 hr-1.

CONCLUSIONS

Six different mathematical models were tested in order to describe
the kinetics of zolpidem and its metabolite Z4CA after oral administration of
a single oral dose of 5 mg zolpidem. These models involved differences
regarding the pre-systemic metabolism of zolpidem to its metabolite and the
mono- or bicompartmental distribution of the compounds in the body.

After experimental data analysis, the representative model for the
pharmacokinetics of zolpidem and its metabolite was found and described.
The model considers that zolpidem is absorbed following a first-order kinetic
process and is partially converted during absorption to its main metabolite,
ZACA. The kinetics of zolpidem is characterized by bicompartmental distribution
and first order kinetic elimination processes (99.6% by biotransformation to
metabolite, the rest by other paths). The metabolite zolpidem phenyl-4-carboxylic
acid displays also a bicompartmental distribution and a first order elimination
kinetics.

The knowledge of drug kinetics in the body through compartmental
modeling is the starting point for other important analysis such as pharmacokinetic
population modelling, prediction of drug plasma levels at other doses or
when multiple doses are administered or further mathematical correlations
between drug kinetics and pharmacological effect intensity. It also allows a
better calculation of dosage regimen of a drug in a particular situation, considering
the influence of altered physiology or disease state on drug absorption, distribution,
metabolism and elimination as well as giving a better understanding of drug
interactions, if the case.

EXPERIMENTAL SECTION

Subjects: In this study were enrolled 20 healthy volunteers and all gave
their written informed consent prior to study inclusion. The study was conducted
according to the principles of Declaration of Helsinki (1964) and its amendments
(Tokyo 1975, Venice 1983, Hong Kong 1989). The clinical protocol was reviewed
and approved by the Ethics Committee of the University of Medicine and Pharmacy
“luliu Hatieganu”, Cluj-Napoca, Romania.
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Study protocol: After an overnight fast, the volunteers received a single
5 mg zolpidem dose at 8:00 a.m. with 150 ml of water. The pharmaceutical
product used was Stilnox (10 mg film-coated tablets, Sanofi-Aventis — Romania).
Venous blood samples (5 ml) were taken according to the following time
schedule: before drug administration (0 h), and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8,
10, 12, 24, 36 and 48 hours after drug administration. Within 10 minutes of
collection, blood samples were centrifuged at 5000 rpm for 10 minutes and
plasma samples were frozen stored at -20°C until further analysis.

Drug analysis from plasma: Zolpidem and Z4CA plasma concentrations
were determined using a validated high-throughput liquid chromatography
tandem mass spectrometry method. The HPLC system was an Agilent 1100
series (binary pump, autosampler, thermostat) (Agilent Technologies, USA) and
was coupled with a Brucker lon Trap SL (Brucker Daltonic s GmbH, Germany). A
Zorbax SB-C18 chromatographic column (100 mm x 3.0 mm i.d., 3.5 ym)
(Agilent Technologies) was used.

The mobile phase was a mixture of 2 mM ammonium formate solution and
acetonitrile, elution in gradient: 11 % acetonitrile at start, 41% at 2 minutes. The
flow rate was 1 ml/min and the thermostat temperature was set at 48°C. The
mass spectrometry detection was in multiple reaction monitoring mode, positive
ions, using an electrospray ionization source. The ion transitions monitored were
for zolpidem were m/z (235.5; 263.2) from 308 and for its metabolite m/z
(265.1; 266.1; 293.1) from 338, respectively [19,20,21]. The calibration curves
for both zolpidem and its metabolite were linear between 2-400 ng/ml.

Pharmacokinetic analysis: The compartmental pharmacokinetic analysis
was performed in order to analyze the plasma versus time levels of zolpidem and
its metabolite for each individual dataset obtained from volunteers (20 datasets).

Six distinct mathematical models were created in order to assess the
pharmacokinetics of zolpidem and its metabolite (see Table 1).
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SIMULTANEOUS DETERMINATION OF
HYDROCHLOROTHIAZIDE AND TELMISARTAN FROM
PHARMACEUTICAL PREPARATIONS USING CAPILLARY
ELECTROPHORESIS

STEFANA STACESCU?, GABRIEL HANCU®*, LASZLO GAGYI",
RUXANDRA MARIA SOARE? HAJNAL KELEMEN?

ABSTRACT. Fixed-dose combinations of an angiotensin Il receptor
antagonist (telmisartan) and a thiazide diuretic (hydrochlorothiazide) provide
an effective antihypertensive therapy while promoting patient compliance
with the convenience of once-daily single dose administration. The current
study investigated two capillary electrophoretic methods: a capillary zone
electrophoresis (CZE) and micellar electrokinetic capillary chromatography
one (MEKC) for the simultaneous determination of hydrochlorothiazide and
telmisartan. In order to optimize the analytical conditions, efforts were
focused on establishing the influence of several experimental parameters on
the separation: buffer composition, concentration and pH, applied voltage,
temperature, injection pressure and time. The separation of the two analytes
can be achieved by CZE using a 25 mM phosphate buffer at pH 2.50 and by
MEKC using a 50 mM borate buffer at pH 9.50 containing 25 mM sodium
dodecyl sulfate as surfactant. The analytical performance of the two methods
was verified in terms of their linearity, precision, accuracy and robustness,
and the methods were applied for the determination of the analytes from
fixed-dose combinations.

Keywords: hydrochlorothiazide, telmisartan, fixed dose combinations,
capillary electrophoresis, pharmaceutical preparations
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INTRODUCTION

Hypertension is the primary cause for morbidity and mortality caused
by cardiovascular diseases all over the world. The goal of antihypertensive
therapy is to abolish the risks associated with high blood pressure (BP)
without adversely affecting the quality of life [1].

Obtaining the target BP level by monotherapy can be challenging
currently, especially for the patients with associated comorbidities; as it is proven
that the majority of hypertensive patients need two or more antihypertensive
drugs to lower their BP effectively [2,3].

Angiotensin Il receptor antagonists (ARAs) and thiazide diuretics
have a well-established place in the management of hypertension, exhibiting
complementary modes of action. Fixed-dose combinations of an ARA and
hydrochlorothiazide provide a convenient and effective treatment option for
patients who do not achieve BP targets on monotherapy. One such fixed-dose
combination is the one represented by telmisartan and hydrochlorothiazide [4].

Hydrochlorothiazide (HCT) (6-chloro-1,1-dioxo-3,4-dihydro-2H-1,2,4-
benzothiadiazine-7-sulfonamide) is a thiazide diuretic that increases the rate of
urine excretion by the kidney, primarily through decreased tubular reabsorption
of sodium and chloride, and also by increased osmotic transport of water to the
renal tubules [5].

Telmisartan (TEL) (2-(4-{[4-Methyl-6-(1-methyl-1H-1,3-benzodiazol-2-
yl)-2-propyl-1H-1,3-benzodiazol-1-ylJmethyl}phenyl)benzoic acid) is a ARA that
shows high affinity for the angiotensin Il receptor type 1, which is responsible
for vasoconstriction, being used in the management of hypertension [5].

The structural characteristics of the two analytes are presented in
Figure 1.
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Figure 1. Chemical structures of HCT and TEL
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Taking into consideration the great prevalence and importance of
this type of fixed dose combination in modern therapy, the elaboration of
new methods of analysis for the simultaneous determination of combined
substances can be considered a necessity and also a challenge for the
analysts.

Capillary electrophoresis (CE) is a modern separation technique,
considered to be an alternative and also a complementary method in drug
analysis to the more frequently used high performance liquid chromatography
(HPLC) techniques. In CE, separation is based on the differences in the
electrophoretic mobilities of the charged molecules due their charge, size,
shape or nature of the background electrolyte (BGE). BGE may contain
additives, which can interact with the analytes and modify their electrophoretic
mobilities. CE encompasses several capillary electro migration techniques, but
among them capillary zone electrophoresis (CZE) and micellar electrokinetic
chromatograpgy (MEKC) are the most frequently used in drug analysis [6].

Simultaneous determination of the TEL — HCT combination can be
obtained using first-derivative and ratio derivative spectrophotometry [7],
UV-spectrophotometry using simultaneous equation method [8,9],TLC-
densitometry [7], spectrofluorimetry [7], HPLC [10] and RP-HPLC [11,12,13].

Only one CE method has been published so far for the simultaneous
estimation of TEL among other five ARA derivates and HCT from combined
pharmaceutical forms [14].

Our aim was the development of simple, efficient and rapid CE protocols
for the simultaneous determination of TEL and HCT, the optimization of the
analytical conditions and to verify the applicability of the newly developed
methods for the determination of the two analytes from fixed dose combination
product.

RESULTS AND DISCUSSION

Preliminary analysis

The separation in CE is highly dependent on the pH of the BGE
which influences the dissociation of the acidic groups or the protonation of
basic functional groups on the analyte. The pH of the BGE will determine
the charge of the compounds and also the magnitude of the electroosmotic
flow (EOF).

Several preliminary experiments were made using phosphate BGEs
with different compositions at different pH levels, over a pH ranging from 2.00
to 11.00.
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TEL is a weak acid has with pKa values of 3.50, 4.10 and 6.00, being
ionized can be determined over the entire studied pH range [15,16]. HCT is a
basic compound with pKa values of 7.90 and 9.20, and subsequently, will be
ionized only in an acidic environment [16].

Both substances can be determined simultaneously by ECZ, over a
pH range between 2.50 and 4.50, but the best results were obtained using a
pH of 2.50; at this pH, the best peak shapes and the shortest analysis time
were obtained.

In MEKC, an anionic surfactant, sodium dodecyl sulfate (SDS) was
added in a borate buffer in order to modify the electrophoretic behavior of the
analytes; both analytes can be determined by MEKC over a pH range
between 9.00 and 11.00, the best results were obtained at a pH of 9.50.

Optimization of the analytical conditions

The concentration of the BGEs was varied from 25 to 100 mM; when the
concentration of the BGE increased the selectivity of the separation improved;
but also migration times increased and higher currents were generated.

In the MEKC method the effects of SDS concentrations (25-50 mM)
were investigated; an increase in the SDS concentration may result in a more
efficient separation but at the same time, raises the current in the capillary
and increases migration times.

In order to determine the optimal voltage to be applied, the influence
of voltage (15 — 30 kV) on the migration times was investigated in the
optimized BGE conditions; higher voltages reduced migration times but also
increased the current intensity.

The influence of capillary temperature (15 — 25 °C) was evaluated
under the optimized BGE conditions; when temperature increased, migration
time decreased.

To determine the optimal injection parameters, the influence of injection
time (1 — 5 seconds) and injection pressure (30 — 50 mbar) were studied in
order to attain low detection limits without affecting the quality of peak shape,
reproducibility and resolution.

From the above experiments, the optimal separation conditions for
the simultaneous analysis of TEL and HCT by ECZ were: 50 mM phosphate
buffer, pH 2.50, applied voltage + 25 kV, capillary temperature 25 °C, injection
parameters 50 mbar/1 sec., UV detection wavelength 230 nm. Using optimized
conditions, we obtained the separation of the two analytes, in approximately
3 minutes, the order of migration being: TEL followed by HCT (Figure 2).
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Figure 2. Simultaneous separation of TEL and HCT by ECZ (analytical conditions:
25 mM phosphate, pH 2.50, + 25 kV, 25 °C, 50 mbar/1s, UV 230 nm)

In the case of MEKC method, the optimal analytical conditions were:
25 mM borate buffer, 25 mM SDS, pH 9.50, applied voltage + 25 kV, capillary
temperature 25 °C, injection parameters 50 mbar/1 sec., UV detection
wavelength 230 nm. Using optimized condition, we obtained the separation of
the two analytes, also in approximately 3 minutes, but the order of migration
changed as HCT was followed by TEL (Figure 3).
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Figure 3. Simultaneous separation of TEL and HCT by MEKC (analytical conditions:
25 mM borate, 25 mM SDS, pH 9.50, + 25 kV, 25 °C, 50 mbar/1s, UV 230 nm)
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Analytical performances

The analytical parameters of both CE methods were verified regarding
precision, linearity, accuracy and robustness.

In order to evaluate intra-day and inter-day precision three concentration
levels (0.025, 0.050, 0.100 mg mL™") of standard solutions were used; the
results were evaluated taking in consideration the peak areas. The intra-day
determination was performed by analysing six replicates on the same day;
while the inter-day determination was conducted over three consecutive days.
The results are presented in Table 1.

Table 1. Intra- and inter-day precision for the simultaneous determination
of TEL and HCT

Analyte (ug/mL) RSD (%)
CZE MEKC
TEL HCT TEL HCT
Intra-day precision
(n=6)
0.025 0.14 0.67 0.10 0.12
0.050 0.18 0.83 0.18 0.21
0.100 0.36 0.98 0.24 0.25
Inter-day precision
(n=18)
0.025 0.52 0.77 0.28 0.33
0.050 0.50 0.88 0.57 0.59
0.100 0.95 1.12 0.80 0.82

In order to evaluate linearity, stock solution at six concentration levels
and three replicates per concentration were measured. The calibration curves
were linear in the studied range (0.010-0.500mg mL-" for both TEL and HCT)
with correlation coefficients above 0.99 (Table 2). Regression analysis data for
the calibration curves were calculated using the peak areas.

Table 2. Linearity parameters for the simultaneous determination of TEL and HCT

Analytes CZE MEKC
Regression Correlation Regression Correlation
equation coefficient equation coefficient
TEL y = 167.5x — 1,483 0.996 y = 218.4x+1.039 0.991

HCT y =234.4x + 4.191 0.991 y=166.4x + 4.714 0.991
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The approach based on the standard deviation of the response and
the slope of the calibration plots was used to determine detection (LOD) and
quantification limits (LOQ). LOD and LOQ values were estimated as [(standard
deviation of the response)/ (slope of the regression equation)] by multiplying
with 3.3 and 10 respectively. The values obtained are presented in Table 3.

Table 3. Sensitivity data for the simultaneous determination of INH and RIF

Analytes CZE MEKC
LOD (mg/mL) LOQ (mg/mL) LOD (mg/mL) LOQ (mg/mL)
TEL 0.017 0.051 0.036 0.108
HCT 0.008 0.024 0.062 0.185

To demonstrate the robustness of the method, minor changes in the
experimental conditions have been made; as pH of the buffer was varied in
the range + 0.25 pH units, separation temperature in the range = 2 °C while
applied voltage in the range + 2 kV. None of the modifications caused
significant changes in the resolution between the substances with RSD (%)
for migration times and peak areas under 2%.

The accuracy study was performed by weighing an appropriate
amount of Micardis Plus 80/25 mg tablet powder and spiking it with known
amount of standard compounds (0.050, 0.100, 0.150mg mL"); the resulting
mixtures were analysed in triplicates and the results obtained were compared
with the expected results. Accuracy values ranged from 98.32% to 101.75%
for TEL and 96.26 and 100.42% for HCT in the ECZ method and from 99.12%
to 102.11% for TEL and 99.04% to 102.36% for HCT in the MEKC method.

Analysis of pharmaceutical formulations

The optimized method was successfully applied for the simultaneous
determination of TEL and HCT in the co-formulated original tablet, Micardis
Plus 80/25 mg. Satisfactory results were obtained for each compound as the
found amounts were in good agreement with label claims (Table 4).

Table 4. Assay results of TEL and HCT determination in pharmaceutical formulations

Method Declared amount (mg)  Found amount (mg) RSD (%)
TEL HCT TEL HCT TEL HCT
CZE 80 25 79.2 23.9 0.45 0.67
MEKC 80 25 79.4 24.2 0.75 0.82
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CONCLUSIONS

The usefulness of CZE and MEKC for the quantitative determination
of these compounds in their pharmaceutical formulations was investigated,
and the most important parameters for quantitative analysis were validated.
The results presented above demonstrate that CE represents a good alternative
for the simultaneous determination of TEL and HCT.

In CZE, at an acidic pH both analytes are positively charged, and
the migration order can be explained by the differences between the own
electrohphoretic mobilities of the analytes

In MEKC, both TEL and HCT are negatively charged and migrates
after the EOF; the order of migration will depend on the individual partitioning
equilibrium of the two analytes between the micellar and the aqueous phase.
The greater percentage of analyte is distributed into the micelle, the slower
it will migrate.

High separation efficiency and minimization of use of solvents and
analytes are the inherent advantages features of both CE methods.

Both the CZE and the MEKC methods can be applied successfully to
the qualitative and the quantitative determination of the studied compounds
in fixed-dose pharmaceutical formulations.

EXPERIMENTAL SECTION

Chemicals and Reagents

Telmisartan and hydrochlorothiazide of pharmaceutical grade were
obtained from RA Chem Pharma Limited (Hyderabad, India). Phosphoric
acid was purchased from Chimopar (Bucuresti, Romania), methanol and
sodium hydroxide from Lach-Ner (Neratovice, Czech Republic), dihydrogen
sodium phosphate, dissodium hydrogen phosphate, sodium tetraborate and
sodium dodecyl sulfate from Merck (Darmstadt, Germany). All reagents were
of analytical grade. Deionised water was purified by a Milli-Q purification
system (Millipore, Bedford, USA). The pharmaceutical dosage forms used in
this study was Micardis Plus (Boehringer Ingelheim, Germany) containing a
TEL/HCT ratio of 80/25 mg.

Instrumentation

Separations were conducted on a Agilent 1600 CE system (Agilent
Technologies, Waldbronn, Germany) equipped with a DAD detector. Uncoated
fused-silica capillary of 38 cm length (30 cm effective legth) x 50 ym ID (Agilent
Technologies, Waldbronn, Germany) was used. Data acquisition was performed
using ChemStation software (Agilent Technologies, Waldbronn, Germany).
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Electrophoretic conditions

The new capillary was conditioned by flushing with 0.1 N NaOH and
water each for 30 minutes. Between injections the capillary was preconditioned
for 1 minute with 0.1 N NaOH, water and 2 minutes with the BGE. Samples
and standards were injected hydrodynamically at the anodic end of the
capillary. Detection was performed at 210, 230 and 270 nm, and full spectra of
the analytes were also stored to facilitate peak identification.

BGE solutions were prepared dissolving the appropriate amount of
buffer constituents in ultrapure water and adjusting the pH if necessary with
1M H3PO4 or 1 M NaOH solutions. Both BGE and sample solutions were
filtered through a 0.45 ym pore size membrane filter and sonicated in an
ultrasonic bath for 5 minutes prior to use.

The stock solution of HCT was prepared in methanol in a concentration
of 1 mg/mL. The stock solution was prepared by dissolving 10 mg TEL in in 1
mL 0.1 N HCI and then diluting it to 10 mL with methanol.

Preparation of pharmaceutical samples

Twenty Micardis Plus 80/25 mg tablets from the same batch were
weighed accurately, average weight was calculated, the tablets were finely
powdered in a mortar into a homogenous powder; an amount of powder
equivalent to the weight of one tablet was dissolved in 100 mL methanol by
sonication for 5 minutes with intermittent shaking. The solution was filtered
through a 0.45 pym syringe, centrifuged at 3500 rpm for 10 minutes and
diluted with methanol to the appropriate concentration. The same procedure
was applied as in the separation from standard solutions.
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FOR THE DETERMINATION OF NEWLY SYNTHESIZED
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(SH2) IN AQUEOUS PHASE
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ABSTRACT. The purpose of the present study was to develop a simple,
rapid and reproducible analytical method for the determination of N-
isonicotynoyl-N’-(3-fluorobenzal)hydrazone (SH2) - a synthesized by us
halogenated isoniazid derivative with high tuberculostatic activity, in aqueous
phase, on the basis of RP-HPLC-PDA and UV/VIS spectrophotometric
investigations. Despite of the high linearity (R? 0.9984) of the UV/VIS
spectrophotometric method applied, the significantly higher LOQ and LOD
values indicated its unsuitability for detection and quantification of low N-
isonicotynoyl-N"-(3-fluorobenzal)hydrazone concentrations (< 10 pg/mL).
The proposed RP-HPLC-PDA method with mobile phase ACN/phosphate
buffer (60:40, v/v) offered short retention time (3.1 min), high precision (RSD
3.50 %) and linearity (R?> 0.9898). It characterized with satisfactory LOD
(0.346 pg/mL) and LOQ (1.05 pg/mL) values and allowed the qualitative
detection of SH2 E/Z-isomer.

Keywords: N-isonicotynoyl-N’-(3-fluorobenzal)hydrazone, RP-HPLC-PDA,
UW/VIS, aqueous phase

INTRODUCTION

The rise in drug-resistant strains of Mycobacterium tuberculosis is a
major threat to human health and highlights the need for new therapeutic
strategies [1].

Despite its strong antibacterial effect, sometimes isoniazid (rimifon, INH),
a widely used medication (xenobiotic) with a confirmed tuberculostatic activity,
is proved to be ineffective due to the rapid appearance of drug resistance of
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tuberculosis bacteria [2]. These two problems — the toxicity and the
resistance, motivate the necessity of synthesis of new tuberculostatics: more
active, overcoming the resistance and with a lower toxicity. Particularly good
results in the study of antituberculosis activity and toxicity are obtained for the
family of isonicotinoyl hydrazones — structural analogues of isoniazid [1,3,4].
The blockade of the active hydrazide group (—HNNH>) results in a significant
decrease in the toxicity of isonicotinoyl hydrazones vs that of INH [5-7].

In experiments of ours, we synthesized and evaluated the tuberculostatic
activity of new xenobiotics, not described in the literature — structural analogues of
INH [8] against a standard Mycobacterium tuberculosis H37Rv-London strain,
that is highly virulent, causes a generalized tuberculosis and is used in international
studies. The results of the screening showed that all newly synthesized xenobiotics
had a highly inhibiting activity against tuberculosis bacteria [9].

The study of Potuckova et al. (2014) highlighted important structure-
activity relationships and provides insights into the further development of
arylhydrazone iron chelators with more potent and selective anti-neoplastic
effects [10]. Analysis of new chelators were performed using an Ascentis C18
chromatographic column (1063 mm, 3 mm) protected with a guard column
with the same sorbent (Sigma-Aldrich). The mobile phase was composed of
1 mM EDTA in 5 mM phosphate buffer and methanol in different ratios. The column
oven was set at 25°C and the autosampler at 5°C. A flow rate of 0.3 mL/min and
injection volume of 20 mL were used. The linearity, precision and accuracy of the
methods were examined by the analysis of plasma samples spiked with different
amounts of the chelators. Selectivity was confirmed by an analysis of blank
plasma samples. All evaluated parameters reached acceptable values [10].

It is accepted by some scientists that UV/VIS spectrophotometric
methods are less time-consuming in terms of preparation and analysis of
samples and are more cost effective than chromatographic methods. A new
analytical method for the quantification of isonicotinoyl lactosyl hydrazone
(INH-Lac) in oral solid dosage forms by UV-spectrophotometry was developed
and validated by Cordoba-Diaz et al. (2009) [11]. The influence of several direct
compression excipients on the specificity of the proposed analytical method
were evaluated. The applied methodology showed a good repeatability as well as
good accuracy. The results obtained from the assay of isoniazid tablets
demonstrated that the proposed method constitutes a clear alternative to
chromatographic methods and to the official titration method. It would be of
interest for the routine quality control of oral dosage forms containing isoniazid
and lactose and for stability studies [11]. In the study of Georgieva and Yaneva
(2015) subjected to encapsulation of rimifon on natural and acid-modified
zeolites, rimifon concentrations before and after encapsulation were determined
by a UV/VIS spectrophotometric method. The standard curve was linear over
the range of the tested concentrations [12]. A RP-HPLC-PDA analytical
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methodology for the determination of the veterinary antibiotic tylosine in aqueous
phase, which characterized with short analysis time, high precision, high linearity
and satisfactory LOD and LOQ values, was developed [13].

Previous investigations of the scientific team proved the superoxide
scavenging, radical scavenging and tuberculostatic activities of substituted
isonicotynoylhydrazones [9,14]. However, no analytical methods for the
determination of halogenated isonicotynoylhydrazones in aqueous medium
have been reported so far, which provoked the present research.

The aim of this study was to develop a simple, rapid and
reproducible analytical method for the determination of N-isonicotynoyl-N"-
(3-fluorobenzal)hydrazone — a synthesized by the authors halogenated
isoniazid derivative with high tuberculostatic activity, in aqueous phase, on
the basis of RP-HPLC-PDA and UV/VIS spectrophotometric investigations.

RESULTS AND DISCUSSION
UVIVIS spectrophotometric analyses

The UV/VIS spectra of SH2 in acidic aqueous solutions (pH 2.4)
(Fig. 1) displayed maximum absorbance peaks in the UV region at A 250 nm
for the entire concentration range 10 — 100 pg/mL. The pH of all solutions
was adjusted to pH 2.4.
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Figure 1. UV/VIS spectra of SH2.
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The obtained standard curve for SH2 (Fig. 2) was linear over the
tested range of initial concentrations C, 10 - 100 pg/mL.

6

y = 0.055x - 0.0457 -
R*=0.9984

Abs

oe
0 10 20 30 40 S0 60 70 80 90 100

C,, ug/mL

Figure 2. UV/VIS calibration curve of SH2 at A 250 nm.

The obtained linear equation (Eq. 1) characterized with a slope a =
0.055 and an intercept b = -0.0457.

y = 0.055.x — 0.0457 (1)

The high value of the calculated correlation coefficient - R? 0.9984, and
the well resolved UV absorption peaks of the heterocyclic compound proved
the applicability of this method for determination of SH2 concentrations in
aqueous medium in the range C, 10 - 100 pg/mL.

HPLC method development

The development and optimization of a sensitive and rapid HPLC
method for SH2 determination in aqueous phase included the performance
of several preliminary experiments testing different HPLC conditions: mobile
phases, temperatures and wavelengths.
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HPLC Method |

The first experimental series were conducted with ten SH2 standard
solutions with concentrations 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
pg/mL. The used mobile phase consisted of phosphate buffer (pH 5.0) and
methanol (90:10, v/v). Optimal performance was obtained at a flowrate 0.8
mL/min. The effect of temperature on the separation process was studied in
the range 18 - 30°C. Satisfactory peak resolution and optimum analyses time
were established at 30°C, at wavelength A 254 nm. SH2 was successfully
detected within 3.35 min in the solution with C, 10 ug/mL (Fig. 3). However a
mode of reduction of the detection time from 3.35 min to 3.1 min with an
increase in the initial SH2 concentration within the range C, 10-100 pg/mL
was observed (Fig. 3). The base lines of the chromatograms characterized
with signal noise in the time range 1.9-2.5 min and unstable base line,
especially in the lower concentration range. Besides, the characteristic peak
for C, 100 pg/mL contained a curvature, which could affect the accuracy of
the quantitative determination.
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Figure 3. HPLC spectra of N-isonicotynoyl-N’-(3-fluorobenzal)hydrazone at
A 254 nm, mobile phase: phosphate buffer (pH 5.0)/methanol (90:10, v/v).
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The standard calibration curve based on the spectral peak areas is
presented in Fig. 4.
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Figure 4. HPLC calibration curve of N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone
at A 254 nm (mobile phase: phosphate buffer (pH 5.0)/methanol (90:10, v/v).

It characterized with a reasonable correlation coefficient R2 0.9825
and the following linear equation (2):

y = 10348.x + 53208 )

HPLC Method Il

The second experimental series were conducted with the same ten
SH2 standard solutions in the concentration range C, 10 — 100 ug/mL. The
used mobile phase consisted of ACN and HsPO4 (0.1M) (60:40, v/v). Optimal
performance was obtained at a flowrate 0.8 mL/min. The effect of temperature
on the separation process was studied in the range 18 - 30°C. Satisfactory
peak resolution and optimum analyses time were established at 30°C, at
wavelength A 300 nm. SH2 was successfully detected within 3.1 min (Fig. 5).
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Figure 5. HPLC of N-isonicotynoyl-N’-(3-fluorobenzal)hydrazone detection at
A 300 nm, mobile phase: ACN/phosphate buffer (60:40, v/v), pH 2.4.

The obtained HPLC chromatograms did not contain any interference
peaks, which could influence the quantitative results. However, the peaks
obtained by this method were split, which could be due to the presence of
E/Z-isomer of SH2 (Fig. 6), and consequently a sign for better separation of

the main product. Besides, the base line is straight and stable with lower
signal noise.

7
H (q — D | "”ﬂ’ N
SN I
I
F

E-N-isonicotynoyl-N’-(3-fluorobenzal )hydrazone Z-N-isonicotynoyl-N’-(3-fluorobenzal )hydrazone

Figure 6. Structural formulas of E/Z-isomers of SH2.
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The obtained standard calibration curve at these HPLC conditions is
presented in Fig. 7.
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Figure 7. HPLC calibration curve of N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone
at A 290 nm (mobile phase: ACN/H3PO4 (60:40, v/v).

The correlation regression coefficient in this case was higher (R?
0.9898) when compared to that obtained by HPLC Method | and lower than
the value of the UV/VIS method. The linear equation (Eq. 3) characterized
with a greater slope a = 38437 and with a negative intercept b = -275252.

y = 38437.x — 275252 ©)

Accuracy and effectiveness of the applied analytical methods

To assess the applicability of the three methods investigated, the
RSD, LOD and LOQ were determined based on the obtained in the recent
study experimental data.
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The values of LOD and LOQ were estimated according to the guidelines
of the International Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use (ICH) based on the standard
deviation of the response and the slope of the calibration curve of the analyte
[15]. The values of these parameters are presented in Table 1.

Table 1. Values of RSD %, LOD (ug/mL) and LOQ (ug/mL) for the
UV/VIS and HPLC methods

Method RSD, % LOD,ygimL  LOQ, pg/mL
UV/VIS Method 2.12 3.31 10.04

HPLC Method | 3.77 0.682 2.54

HPLC Method Il 3.50 0.346 1.05

The comparative analyses of the obtained experimental results
revealed that the developed and applied UV/VIS spectrophotometric method
characterized with the highest correlation coefficient and lowest RSD value.
However, the determined LOD and LOQ values were the highest. Thus, it
could be suitable for analyses of aqueous samples with higher heterocyclic
compound concentrations. According to the spectra presented in Fig. 1 solutions
with SH2 concentrations lower than 10 ug/mL characterized with not well-
resolved spectral peaks, i.e. the accuracy of the method below this limit would be
unsatisfactory. However, the main advantage of this method is its cost-
effectiveness and rapidity.

Regarding the developed HPLC methodologies, and based on the
data from Table 1, it could be concluded that undoubtedly HPLC Method Il
displayed the highest accuracy and efficiency as the determined RSD, LOD
and LOQ values were the lowest. The comparative estimation of the HPLC
spectral data of SH2 obtained by both liquid-chromatographic methods (Fig. 2, 3)
revealed that the spectral peaks of Method Il characterized with approximately 3
times greater area. Besides, they were significantly more pronounced in the entire
tested concentration range. The presence of a secondary small peak at the
bottom of the main one could be attributed to the detection of an isomer molecule,
which is a sign for better separation of the biologically active compound(s), as well
as for the higher accuracy of the method. The proportional increase of the
secondary peak area could be used for the quantitative analyses of the detected
isomer by a proper modification of the current analytical method in future
investigations of the present scientific team. The latter observations are
supported by the significantly lower LOD and LOQ values. Another main
advantage of Method Il is the registered short retention time.
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CONCLUSIONS

A RP-HPLC-PDA analytical methodology appropriate for the
quantitative determination of the novel drug candidate N-isonicotynoyl-N"-
(3-fluorobenzal)hydrazone in aqueous phase, and the qualitative analyses of
its isomer was developed in the present study. Desirable chromatographic
separation was achieved on a Cig column employing a mixture of ACN
and 0.1M H3PO4 (60:40; v/v) as the mobile phase. The obtained HPLC
chromatograms were well pronounced and did not contain any interference
peaks, which could influence the quantitative results. The applied method
offered short analysis time (3.1 min), high precision (RSD 3.5%) and high
linearity (R? 0.9898). It characterized with satisfactory LOD and LOQ values.
The simple and rapid method developed enhances the capabilities for the
accurate and selective determination of SH2 in concentrations even below
10 pg/mL in aqueous phase, as well as detection of its E/Z isomer.

EXPERIMENTAL SECTION
Chemicals

Isonicotynoylhydrazide (Bristol-Myers Squibb Co.), 3-fluorobenzaldehyde,
acetonitrile (ACN, 299.8%), orthophosphoric acid (HsPO4 85%), methanol
(2 99.9%), ethanol (p.a. = 99.8%), and Na;HPO4.2H,O (HPLC, 298.5%)
HPLC grade, were obtained from Sigma-Aldrich.

Synthesis of N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone SH2

N-isonicotynoyl-N"~(3-fluorobenzal)hydrazone was synthesized according
to our previously reported procedure [8,9]. In brief: isonicotynoylhydrazide
2.74 g (0.02 mol) was mixed with 3-fluorobenzaldehyde in 50 mL absolute
ethanol. The reaction mixture was heated to reflux for 4 hours. After cooling of
the filtrate, white crystals crystallized, which after recrystallization from absolute
ethanol had a melting temperature of 201.5-203°C. The yield was 86%.

Standard stock solutions (100 ug/mL) were prepared by dissolving the
appropriate amount of N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone in Milli-Q water
acidified with H3PO, at pH 2.4. Working standard solutions (10 — 100 pg/mL) were
prepared daily.

208



A SENSITIVE ANALYTICAL (RP-HPLC-PDA, UV/VIS) METHOD ...

Physicochemical characteristics of N-isonicotynoyl-N"-
(3-fluorobenzal)hydrazone

The software package CS Chem 3D ultra was used to calculate the
basic molecular characteristic of N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone.
Elemental analysis and testing of the organic compound were conducted for
identification and quantification of elements. The molecular formula of the
compound is presented in Fig. 8.

Figure 8. Molecular formula of SH2.

The physicochemical, molecular properties and elemental analyses
data of SH2 are displayed in Table 2.

UV/VIS spectrophotometric analyses

N-isonicotynoyl-N"-(3-fluorobenzal)hydrazone concentrations were
measured with UV-VIS spectrophotometer DR 5000 Hach Lange (Germany),
supplied with 10 mm quartz cells. All spectra were recorded in the UV region
at A 250 nm with 2 nm slit width, 900 nm min~' scan speed and very high
smoothing.

Table 2. Physicochemical characteristics of N-isonicotynoyl-N"-
(3-fluorobenzal)hydrazone

Molecular formula C13H10FNsO
UIPAC name 3-fluorobenzaldehyde
isonicotynoylhydrazone
Molecular mass, g/mol 243.236
Molecular ovality 1.42697
Connolly Accessible Area, A? 440.753
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Connolly Molecular Area, A? 219.941
Connolly Solvent Excluded Volume, A? 179.932
Mass-to-charge ratio, m/z 243.08 (100.0%), 244.08 (15.2%),

245.09 (1.1%)

Elemental analyses:
calculated (%): C64.19 H4.14 N17.28
determined (%): C64.03 H4.01 NA17.57

HPLC system and conditions

RP-HPLC system comprising of a Hypersil BDS Cis (5 UM, 4.6 x
150 mm) column, Surveyor LC Pump Plus, PDA detector, and Surveyor
Autosampler Plus (Thermo Fisher Scientific) was used. The tested mobile
phases consisted of a mixture of ACN/0.1M HsPQO4 (60:40, v/v) and
phosphate buffer (pH 5)/methanol (90:10, v/v). The samples were monitored
at 290 nm and 254 nm, respectively. The buffer pH was adjusted to 2.4 with
HsPO4. The volume injected into the HPLC column was 20 pl.

All UV/VIS spectrophotometric and HPLC analyses were made in
triplicate.

The experimental data was analyzed by regression analyses and
determination of the corresponding correlation coefficients (R?) and relative
standard deviation (RSD, %).

The efficiency and accuracy of the developed UV/VIS and HPLC
methods was estimated based on the calculated limit of detection (LOD) and
limit of quantification (LOQ).
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ABSTRACT. In our research we investigate the accumulation extent of the
inorganic contaminants accessing the aquatic food chain, including
zooplankton and fish species through model experiments. In this paper we
discuss the preliminary experiments considering the measurement of iron and
manganese accumulated in Arfemia sp. after hatched and reared in metal
contaminated model media. The goal is to develop the sample preparation
and analytical methods required for the determination of metals adsorbed in
the studied organisms. We proved that rinsing the zooplankton organisms
three times with 2 mL per grams (wet weight Arfemia) of rinsing solution prior
to the sample preparation process decreased the possibility of analytical
error. European Reference Material of fish tissue (ERM®-BB422) was used to
validate the applied sample preparation and atomic spectrometric methods.
The average recovery value for the measured elements by open system
digestion with conventional heating was 96% and 92% with microwave
digestion. With MP-AES 99% and 92% were gained, respectively. According
to our results no significant difference occurred between the digestion in open
system with conventional heating and microwave assisted digestion as well
as the cost effective microwave plasma atomic emission spectrometry (MP-
AES) proved to be appropriate for the routine quantitative analysis of
adsorbed elements in zooplankton organisms and fish tissues.
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INTRODUCTION

Considering their shape and their expansion, ecosystems can be
quite diverse. All the trophic levels setting up the system have their own
functions: animals are the consumers, plants are the producers, while
microorganisms play an important role in decomposing organic matter. In
case of aquatic ecosystems, zooplankton are the base of the food chain,
serving resource for consumers on higher trophic levels (including fish).
These organisms are able to effectively accumulate several inorganic
nutrients and pollutants in their body without suffering significant damage.
However, more advanced and more complex organisms consuming them
can create much higher concentrations in their cells and tissues through
bioaccumulation than it was in the initial environmental media [1-2].

In the aquatic systems elements occur in the form of organic and
inorganic compounds. They can be grouped according to multiple criteria:
based on their effect on living organisms there are essential and toxic
elements, while considering their quantity we talk about macro or micro
elements [3]. The elemental contaminants may enter surface water in different
ways. Nowadays more and more attention is given to anthropogenic activities
(industrial production, agricultural production, traffic) as well as communal
waste, which all play significant role in increasing the elemental concentrations
above the environmental threshold limits [4-5]. However, there are heavy
metals that occur in a naturally high concentration (background value) in the
earth’s crust, thus contributing to their presence in the surface waters.

For the aquatic organisms, the right elemental dose of the surrounding
medium is indispensable. The elements have important biological role in the
body, so both their absence and presence above the permitted levels can
lead to adverse health problems. Thus animals maintain a delicate balance in
their body, properly coordinating the different parameters of ingestion,
storage and excretion. The availability of the various elements is affected by
many factors, including their different chemical form and concentration, and
also their interaction with other elements [6].

Toxicity tests are used to investigate the effect of several chemicals
and pollutants on organisms, comparing the sensitivity of the individual
species. In aquatic toxicity studies bacteria, zooplankton and fish are
examined most commonly [7-9]. These organisms represent different trophic
levels in the food chain and indicate the quality of the surrounding water.

In our research group we investigate the accumulation of inorganic
contaminants accessing the aquatic ecosystems. Zooplankton and fish
species are used in these experiments as bio indicator organisms which are
reared in contaminated model media. The accumulated concentrations of
elements are measured from their tissues providing information about the
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extent of pollution. In present study we discuss the results of preliminary
experiments considering the techniques applied for the sample preparation
and elemental determination. The widely applied instrumental techniques
for elemental analysis require the samples to be in solution. In case of
environmental studies the correctly chosen sample preparation has a
particular importance, since over 90% of the measurement errors arise from
this step of the analytical process.

Emission methods of atomic spectroscopy uses different plasma
based induction sources to produce the excited atoms required for the
qualitative and quantitative analytical information. Inductively coupled plasma
optical emission spectrometers (ICP-OES) use argon as plasma gas, which
provides a high temperature emission source (~10000 K). This can be an
advantage in case of elements which require higher excitation energy, yet
the continuous gas supply can increase the operating and measuring costs.
The newly launched microwave plasma atomic emission spectrometer (MP-
AES) works on a similar principle but the plasma requires nitrogen gas which
is produced continuously by a generator. The microwave induced excitation
source has a lower temperature (~5000 K) compared to that of the ICP, thus
while the method itself is quite cost effective, its sensitivity is overall lower.

The first aim of our study is to determine the need of rinsing the
zooplankton organisms with ultrapure water after the enrichment period.
The second aim is to find the analytical method suitable for the sample
preparation and elemental analysis. In order to verify the required analytical
steps fish tissue ERM®-BB422 was applied that contains elements in certified
values and has a matrix similar to that of the samples. In the method
development process two different sample preparation techniques - digestion
in open system with conventional heating and in a microwave assisted system —
were compared. The more expensive microwave assisted digestion utilizes
microwave energy which enables the efficient and rapid heating of the samples,
while the cost effective digestion in open system with conventional heating is a
more time consuming technique [10]. In the elemental analytical step we further
compared the performance of the well-known and widely applied ICP-OES
method with MP-AES, regarding the digested ERM®-BB422 samples.

RESULTS AND DISCUSSION

Rinsing of enriched zooplankton organisms

After harvesting Arfemia samples we rinsed them in ultrapure water prior
to the further analysis to remove the remaining surface contamination. The three
rounds of rinsing solutions were collected and analyzed for Fe and Mn.
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Literature data is quite controversial: some suggest washing the
organisms with distilled water [11] although it can cause the remove of the
elements from the cells due to osmosis. Other papers mention seawater or tap
water depending on the rearing media [12-14], however it can contaminate the
samples; while not rinsing the zooplankton organisms at all can result in a
positive measurement error. According to our results in the first round of rinsing
the collected solutions enriched Fe and Mn in a relatively large concentration.
Thus we concluded that this could not be a result of releasing the elements
from Artemia due to osmosis rather from the Fe and Mn contaminated model
water remained on the surface of the zooplankton organisms.

As we expected, the concentration of the elements used for the
enrichment was gradually decreased in the rinsing liquids, as indicated in figure 1
and 2. The higher the original concentration was in the treatments the higher
percentage decrease was observed in the rinsing solutions. The Fe and Mn
concentration was reduced by an average of 45 + 6% in CC, 75 £ 6% in MC,
82 + 2% in CM and 80 = 1 % in MM treatment in the last round of rinsing
compared to the first.

According to our results, rinsing the organisms three times definitely
proved to be necessary, since it causes smaller systematic measurement error.
It is important to mention, that the rinsing should happen with a very small amount
of water (2 ml per g of wet weight Artemia) and short contact time.
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Figure 1. Decreasing of Fe concentration in the rinsing liquids
Notations: C - no supplementation; CC - 5.70 mg L' Fe, 2.90 mg L' Mn;
CM-570mgL"'Fe, 6.25mgL"Mn; MC-15mg L" Fe, 2.90 mg L' Mn;

MM - 15 mg L' Fe, 6.25 mg L! Mn.
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Figure 2. Decreasing of Mn concentration in the rinsing liquids
Notations: C - no supplementation; CC - 5.70 mg L' Fe, 2.90 mg L' Mn;
CM-5.70mgL" Fe, 6.25mg L' Mn; MC - 15 mg L' Fe, 2.90 mg L" Mn;
MM -15mg L' Fe, 6.25 mg L' Mn.

Developement of sample preparation methods

The applied method should carry the samples into solution by oxidizing
the organic compounds without sample loss and contamination. In order to
find the most suitable digestion two sample preparation methods (digestion in
open system with conventional heating and in microwave assisted system)
were compared for the ERM®-BB422 sample. Elemental analytical results
and recoveries are indicated in table 1.

No significant difference occurred between the two sample pre-treatment
methods (p>0.05) neither for ICP-OES nor for MP-AES measurements,
according to the statistical analysis. For the macro elements our results suggest
that the more cost effective digestion in open system with conventional heating
is suitable to eliminate the organic compounds and mobilize the measured
elements present in the ERM®-BB422 sample. The concentration values of Zn
show a higher standard deviation in case of the MP-AES analysis, which may
arise from the chosen wavelength (213.857 nm). The optical system of the MP-
AES instrument was not purged since the generator produces nitrogen gas
enough only for the sample introduction (nebulizing), plasma supply and rinsing
the pre-optics. In the UV range, further nitrogen supply is required from an
additional gas cylinder to avoid the absorption of photons in air before reaching
the detector, which would increase the sensitivity and decrease the standard
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deviation of parallel measurements in the lower range of emission lines, such as
for Zn. For the micro elements, further optimization of the digestion is necessary to
improve the recovery results and decrease the standard deviation.

Table 1. The ICP-OES and MP-AES results of ERM®-BB422 (fish tissue) prepared
by digestion in open system with conventional heating and
in a microwave assisted system (N=3)

Found resulttU RecoveryxU (%)
Elements ICP-OES MP-AES ICP-OES MP-AES
(gkg") Certfied Operll Micrc_)wave Opeq Micrc_)wave Oper] Microlwav Oper} Micrt.)wave
valuetU | syst. dig. dig. syst. dig. dig. syst.dig. edig. syst. dig. dig.
Ca 0.342" |0.327+0.026 0.329+0.015 0.335+0.033 0.320+0.002| 968 96+4 98+9 94+1
Mg 1.37 145+0.05 1.42+0.04 1.37+0.01 1.37+0.02 | 106+4 10443 1001 100 +1
Na 2.80° 2.75+0.1 2.79+0.15 2.58+0.04 2.59+0.01 | 98+4 99+5 9242 93+1
K 214 20.4+1 21.3+1.3  182+02 18.610.2 95+5 99+6 8511 87+1
(mg kg")
Cu 1.67£0.16 | 1.65£0.04 1.45+0.06 1.75+0.15 1.46+0.11 | 993 87+3 10549 88+4
Fe 94114 8.1+0.4 8.2+0.4 10.3+0.3 7.7£0.5 87+4 88+9 10943 8315
Mn 0.368+0.028|0.361+0.029 0.306+0.011 0.427+0.012 0.344+0.023| 9848 83+3 116+3 9446
Zn 16.0£1.1 139105 12004 14.1x16 15.0%1.2 87+3 76+2 8810 9448

*Concentration values for macro elements are given without uncertainty in the certification
document of ERM®-BB422

The measurement results gained by MP-AES and ICP-OES were
both compared to the expected data provided in the certificate document of
the ERM®-BB422 sample. Although the applied statistical analysis proved no
significant difference, the results of micro elements show higher percentage
difference in case of Fe and Zn for the ICP-OES analysis. For these elements
the measuring parameters of the ICP-OES method should be further optimize,
yet it is clearly seen, that the MP-AES technique is appropriate for the elemental
analysis of biotic indicators of aquatic ecosystems, such as fish tissue.

Since MP-AES instrument has recently appeared commercially and
only a few literature data is available discussing its applications so far [15-
16], the method must be verified prior to the planned model experiments.
According to our results a good agreement was found between the two
techniques: with ICP-OES the digestion in open system with conventional
heating gave a recovery of 96% as the average of the measured elements and
92% with microwave digestion. The same values are 99% and 92% with MP-
AES, respectively. These results indicate that despite the lower temperature of
the nitrogen supplied microwave plasma, fish tissue samples can be analyzed
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with a similar precision to that of the ICP-OES. It suggests that with the applied
initial sample masses, the more cost-effective MP-AES can be used for the
elemental determination of biotic indicator organisms after the appropriate
sample pre-treatment. The standard deviation is higher for the Zn values than
for the other elements - additional nitrogen supply from a gas cylinder by an
external gas box would decrease it significantly.

CONCLUSIONS

In this paper the development of analytical methods are described for
the elemental analysis of biotic indicators applied in model experiments of
toxicity studies. It was found that rinsing the zooplankton organisms after
rearing in contaminated media is important prior to the sample preparation
process to decrease the error of the elemental analytical results. The rinsing
should occur three times with 2 ml per grams (wet weight Artemia) of solution.
It is further concluded that the digestion in open system with conventional
heating is suitable for the sample pre-treatment of indicator organisms as well
as the more cost-effective microwave plasma atomic emission spectrometer
can be applied successfully for the quantitative determination of macro and
micro elements. With ICP-OES the digestion in open system with conventional
heating gave a recovery of 96% of ERM®-BB422 (fish tissue) as the average
of the measured elements and 92% with microwave digestion. With MP-AES
99% and 92% were gained, respectively. The sensitivity of the MP-AES
method can be increased for elements that have lines in the lower
wavelengths of the emission spectra with additional nitrogen purge.

EXPERIMENTAL SECTION

Enrichment and preparation of zooplankton organisms

The examined zooplankton organisms (Artemia sp., Sera, Germany)
were reared and enriched under laboratory conditions. During the experiment
we have developed a model system, which ensures the optimal conditions to
raise and breed the organisms. The brine shrimps were hatched in 1.5 L
plastic containers, with the density of 4 grams egg per L. The vessels were
filled up with tap water aerated for 24 h and 20 g L' salt concentration was
set. The temperature of the water was 27 °C and 2000 lux illumination was
adjusted by table lamps. After 24 h the newly hatched nauplii were separated
from the shells and then collected by plankton net (mesh size of 150 ym).
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A series of preliminary experiments were set to choose the right
concentrations of the applied elements (Fe and Mn) used for the enrichment
period. In a previous study in a joint research we found oxbows of the second
largest Hungarian river (Tisza) to be contaminated with Fe and Mn [17-19].
Ten times of these levels were taken in our experiments since the originally
found concentrations proved to be too low for the zooplankton to accumulate.

The applied concentrations were the followings:

CC (Fe: 5.70 mg L', Mn: 2.90 mg L"),
CM (Fe: 5.70 mg L', Mn: 6.25 mg L"),
MC (Fe: 15 mg L', Mn: 2.90 mg L"),
MM (Fe: 15 mg L', Mn: 6.25 mg L"),
C (control, no supplementation).

The solutions of FeCl; and MnCl, (SPEKTRUM 3D) were used to
adjust the above mentioned concentrations in the model media. Separated
newly hatched Artemia were placed and reared in the model solutions for 24
hours with continuous light and aeration. Each treatment was set in five
replicates. After the enrichment period brine shrimps were filtered and rinsed
with ultrapure water in three rounds to investigate the effect of rinsing on the
level of enriched elements. Rinsing solutions were collected in polypropylene
centrifuge tubes.

Development of sample preparation methods

European reference material (ERM®-BB422, Fish Muscle) was used
to test the sample preparation and elemental analytical methods. The ERM®-
BB422 is certified for both micro and macro elements. The exact amount of
two different initial masses (0.2 g and 0.5 g) were measured of the reference
material on analytical balance (Precisa 40SM-200A), as well as two different
sample preparation methods were compared. During the digestion in open
system with conventional heating, samples were weighted into glass beakers
and digested on an electric hot plate with 6.0 ml 65% (m/m) nitric acid
(reagent grade, Merck) and 1.0 ml 30% (m/m) hydrogen peroxide (reagent
grade, Merck) at 80 °C for 4 hours [20]. After digestion, samples were diluted
with 1% (v/v) nitric acid (reagent grade, Merck and Milli-Q water) to a final
volume of 10 ml. During the microwave assisted sample preparation method
the samples were measured into closed Teflon containers and were digested
with 4.0 ml 65% (m/m) nitric acid (reagent grade, Merck) and 1.0 ml 30%
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(m/m) hydrogen peroxide (reagent grade, Merck). After digestion, samples
were diluted with 1% (v/v) nitric acid (reagent grade, Merck and Milli-Q water)
to a final volume of 10 ml (Milestone, EthosUp).

Elemental analysis

Elemental concentration was determined from both rinsing solution
applied for Artemia (Fe and Mn) and ERM®-BB422 samples (Ca, Mg, Na, K,
Cu, Fe, Mn, and Zn) by microwave plasma atomic emission spectrometer
(Agilent MP-AES 4200) as well as inductively coupled plasma optical emission
spectrometer (Agilent Technologies ICP-OES SVDV 5100). Auto sampler
(Agilent SPS3), Meinhard® type nebulizer and double pass spray chamber
were used. We applied a five-point calibration procedure prepared from multi-
element standard solution (Merck ICP V). For the method development each
element was measured on at least 3 of the most intensive wavelengths; the
shape of the gained spectra, the fitting of the calibration curve and the
signal/background ratio was carefully investigated to choose the most
appropriate wavelengths for further measurements. These were: Ca (315.887
nm), Mg (279.552 nm), Na (5689.592 nm), K (766.491 nm), Cu (324.754 nm),
Fe (234.350 nm), Mn (257.610 nm), Zn (202.548 nm) for the ICP-OES
measurements, and Ca (445.478 nm), Mg (383.829 nm), Na (589.592 nm), K
(769.897 nm), Cu (324.754 nm), Fe (371.993 nm), Mn (403.076 nm) and Zn
(213.857 nm) for the MP-AES measurements.

Statistical analysis

The two digestion methods (digestion in open system with conventional
heating and in microwave assisted system) as well as the two techniques
applied for the elemental analysis (MP-AES and ICP-OES) for the ERM®-
BB422 samples were compared by two way ANOVA (multivariate). The
homogeneity was tested by Levene’s test, while the significant differences
were evaluated by Tukey’s multiple comparison test. The calculations were
conducted in SPSS software package (SPSS Statistics IBM 22) [11].
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SYNTHESIS AND CHARACTERIZATION OF DERIVATIZED
CARBON NANOSTRUCTURES

TIMEA-ANITA DULL-SZABO?, MELINDA-EMESE FUSTOS?,
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ABSTRACT. Carbon nanotube-triethanolamine and carbon nanotube-
dendrimer structures were obtained from carboxyl functionalized nanotubes
(SW-, DW-, MW-COOH). The synthesized compounds were characterized
by elemental analysis, scanning transmission electron microscopy coupled
with energy-dispersive X-ray spectroscopy (STEM-EDX). The toxicity of the
obtained derivatized carbon nanostructures was tested on human immortalized
keratinocyte cell line (HaCaT). The viability of the cells was determined using
the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium-bromide (MTT) cell
proliferation assay.

Keywords: carbon nanotube, dendrimer, biological activity, MTT assay,
HaCaT

INTRODUCTION

Carbon nanotubes (CNTs) are hollow cylinders derived from rolled
sheets of graphene. These nanostructures belong to the fullerene family, the
third allotropic form of carbon; have unique electrical, mechanical and optical
properties [1].

Three types of carbon nanotubes are distinguished based on the
number of graphene sheets rolled upon itself: single-walled carbon nanotubes
(SWCNTs), double-walled (DWCNTs) and multi-walled CNTs (MWCNTS).
Different methods are used for the derivatization of nanotubes: covalent and
non-covalent functionalization. Due to functionalization, problems such as
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agglomeration and bundle formation can be avoided, which enhances their
dispersion in organic solvents. A good dispersion of nanotubes can be also
induced by the use of surfactants [2].

Carbon nanotubes found application in many fields, being suitable for
biomedical application thanks to their low toxicity. Different type of nanotubes
can be used in drug delivery, gene delivery or anticancer therapy [3].

Dendrimers are hyperbranched, monodisperse macromolecules with
nanometer-scale dimension [4]. The solubility and reactivity of dendrimers
depend on the nature and number of functional groups on their periphery.
Biomedical application is the most important utilization of dendrimers. They
can be used as contrast agents in magnetic resonance imaging (MRI), as
carriers in drug delivery and gene therapy and also as catalysts in industrial
processes [5].

Combination of carbon nanotubes and dendrimers via covalent
linkage leads to structures with unique properties and low toxicity.
Poliamidoamine dendrimers (PAMAM) covalently attached to the surface of
MWCNTs were described by B. Zhanga et al. [6]. According to their results,
the MWCNT-PAMAM hybrids showed good dispersibility and activity in
aqueous solution. Synthesis of PAMAM G4.0 dendrimer-functionalized carbon
nanotubes was reported by Yang et al. [7]. They investigated the cellular
toxicity of the obtained structures on HelLa cells and found that MWCNT-
PAMAM-G1 is the least toxic and the functionalized nanotubes can be used
as vectors to deliver pEGFP-N1 into HelLa cells.

Herein we present the cytotoxicity investigation of some derivatized
carbon nanostructures obtained upon covalent functionalization of different
types of carbon nanotubes with the commercially available triethanolamine
and also with the zero-generation dendrimer synthesized according to the
procedure described previously [8]. The cytotoxicity of these species was
studied on HaCaT cell line using the MTT cell proliferation assay. The
derivatized nanostructures can be used in catalysis or in medicine as supports
for drug delivery.

RESULTS AND DISCUSSION

The synthesized structures were characterized by elemental analysis
and STEM-EDX technique, respectively.

It is noticeable, that the N content of the functionalized carbon
nanotubes is significantly higher compared to the nitrogen content of the
substrates (SW-, DW-, MW-COOH) which originates from the air while sample
preparation, confirming the covalent linkage of the dialkylamino-linker molecules
and the N-atom containing compounds (triethanolamine, dendrimer).
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The functionalized double-wall carbon nanotubes were further
characterized by STEM-EDX technique. This technique allows the determination
of the elemental composition at a well-defined position of the transmission
electron microscopy pictogram. In Figure 1 is presented the TEM-EDX analysis
of the DW-COOH. The spectra indicate the presence of carboxyl groups on
the surface of the nanotubes, but no nitrogen content is detected. The
copper signs originate from the sample holder (copper grid) in each case.

Figure 1. TEM-EDX spectra of DW-COOH

In Figure 2 is depicted the TEM image and the corresponding EDX
spectra of the dendrimer functionalized double-wall carbon nanotubes (DW-
TMB). The presence of N atom in the structure proves the covalent
attachment of the dendrimer to the surface of the nanotubes.

250nm

Figure 2. TEM-EDX spectra of DW-TMB
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The TEM-EDX spectra of DW-TEA structure is presented in Figure 3.
The EDX analysis results prove the functionalization of the carbon nanotubes
with triethanolamine by the detection of the N atom.

Figure 3. TEM-EDX spectra of DW-TEA

The toxicity of the obtained derivatized carbon nanostructures was
investigated on HaCaT cell line. In Figure 4 and Figure 5 is represented the
viability of the cells in the presence of different derivatized nanostructures. In
each graphic CA symbolizes the so-called positive control (the cells are in
their media without surfactant or carbon nanostructures) and 0 stands for the
negative control (a 0.05% solution of Triton X-100 added to the cell media
without carbon nanostructures).

In case of the two nanotube-linker species (Figure 4), the DAO-
functionalized nanotubes (5d-f) presented lower toxicity on the studied cell
line than the CNT-DAPT.

= SW-DAPr BSW-DAO

Sa-c “DW-DAPr Saf =DW-DAO

120 = MW-DAPr 120 =MW-DAO
100 100
£80 £ 80 -
260 - 260 -

g0 BERR £
20 F 20 - [} Ii
Lk o M i
§°- 9239838888
concentration (ug/mL)

Figure 4. Cytotoxicity of 5a-c and 5d-f nanostructures
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The TEA functionalized nanotubes (8d-f) seemed to be the most toxic
nanostructures. In the case of dendrimer modified nanotubes the double-wall
carbon nanotube species (11e) presented the lowest cytotoxicity (Figure 5).

ESW-TEA 1 SW.TMB
8d-f DW-TEA 11d-f DW.-TMB
120 sMW-TEA | 120 = MW-TMB
100 100
£80 £ 80 I
260 2 60
= = 1 I i
240 I I 2 a0 ii 111 i |
> =
20 - 20 JJ
o MBEmamEnERisints | o M8y Tl ol

concentration (ug/mL) concentratlon (ugImL) -

Figure 5. Cytotoxicity of 8d-f and 11d-f nanostructures

CONCLUSIONS

The covalent functionalization of the carbon nanotubes with N atom
containing compounds: 1,3-diaminopropane, 1,8-diaminooctane, triethanol-
amine and the zero generation dendrimer, was confirmed by elemental and
TEM-EDX analysis.

The cytotoxicity test results on the investigated HaCaT cell line
indicated that in the presence of the surfactant the cell viability decreased up
to 20%. By adding the derivatized carbon nanostructures in different
concentrations this toxicity was overcome and cell viability increased almost
in each case. The best results were obtained in case of the dendrimer
functionalized double walled carbon nanotubes added to the cell media in
high concentration.

EXPERIMENTAL SECTION

In order to synthesize the desired nanotube-dendrimer and the
nanotube-triethanolamine structures, respectively, in the first step two
diaminoalkyl linker-like molecules were attached covalently to the carbon
nanotubes scaffold using N,N'-carbonyldiimidazole (CDI) as an activating
agent for the carboxyl functional groups. Scheme 1 illustrates the synthesis
steps for obtaining the CNT-DAPr and CNT-DAO species.
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N

\\/N N/\H/\NHZ
=, H n
CH4OH
HN T N 1350 rpom, RT.
dab H',‘:\>
4a: n=1DAPr SN 5. SW.DAPr
4b:n=6 DAO 5b: DW-DAPY
saf 5¢: MW-DAPr
1a; SW-COOH a- 5d: SW-DAO
1b: DW-COOH 5e: DW-DAO
1¢: MW-COOH 5f. MW-DAO

Scheme 1. Functionalization of CNTs with diaminoalkyl-linkers

Synthesis of nanotube-linker (5a-f) structures

In a 50 mL Falcon tube 200 mg carboxyl derivatized carbon nanotubes
(single-, double- and multi-walled) were suspended in 30 mL dry dichloromethane
and sonicated for 15 minutes. 500 mg CDI dissolved in dry dichloromethane (5 mL)
was added to the suspension. The mixture was left overnight on shaker at 1350
rpm with occasional sonication to avoid bundling.

The 3a-c nanotube derivatives were filtered on PTFE membrane (pore
size 0.22 ym) and washed with dichloromethane repeatedly until the complete
removal of the unreacted CDI and the produced imidazole. The procedure was
monitored by thin layer chromatography (TLC) using dichloromethane: methanol
9:1 eluent mixture (R= 0.54). The product was dried at room temperature
and used further being suspended in 10 mL methanol and sonicated for 20
minutes. 200 mg diaminoalkyl derivative (DAPr, DAO) was dissolved in methanol
and added to the suspension. The mixture was left overnight on shaker at 1350
rom at room temperature.

The derivatized nanotubes were separated from the suspension by
vacuum filtration, washed with methanol repeatedly in order to remove the
unreacted diaminoalkyl derivatives and dried in vacuo.

Synthesis of carbon nanotube-triethanolamine (8d-f) structures

The synthesis steps are depicted in Scheme 2. Triethanolamine was
covalently bonded to the linker-type carbon nanotube species while imidazole
was formed as by-product.

228



SYNTHESIS AND CHARACTERIZATION OF DERIVATIZED CARBON NANOSTRUCTURES

N oA G ’ ' Mo il
>:o 1350 rpm, RT 7 I\
—_— i %

CHCl,

5df  5d: SW-DAO 6df 6d: SW-DAO 8d-f 8d_: SW-TEA
5e: DW-DAO 6e: DW-DAO 89- DW-TEA
5f. MW-DAO 6f: MW-DAO 8f: MW-TEA

Scheme 2. Synthesis of the 8d-f derivatized structures

The 8d-f conjugates were synthesized according to the following
procedure. 50 mg diaminooctane-functionalized carbon nanotubes (SW-DAO,
DW-DAO, MW-DAO) were suspended in 10 mL ethyl acetate and sonicated
for 20 minutes. 100 mg CDI dissolved in ethyl acetate was added to the
suspension. The mixture was left overnight on shaker at 1350 rpm with ocasional
sonication. The 6d-f compounds were separated from the suspension by vacuum
filtration and washed with ethyl acetate repeatedly until no CDI was detectable in
the filtrate on the TLC plate.

Further the dried carbon nanotubes were suspended in 10 mL
dichloromethane and 150 mg TEA was added. The suspension was left overnight
on shaker (1350 rpm). The functionalized carbon nanotubes were filtered off
and washed with dichloromethane to eliminate the excess of the triethanolamine.
The removal of the triethanolamine adsorbed on the surface of the carbon
nanotubes was monitorized by TLC in CH,Cl»:CH3OH 8:2 eluent mixture (Rf =
0.48).

Synthesis of CNTs-TMB-DEA 0G (11d-f) conjugates

In Scheme 3 is illustrated the functionalization of CNTs-DAO species
with an aromatic core GO dendrimer (TMB).

OH OH OH

’ ¢

0 "NV )OL
K N
J/N OH J/ ;’ J/ 0 N/\(\aﬁ/\
HO I\l CDI dioxane HO ¥ gt HO |\|
N_ 50°C, 24h N - N
I I H,0, 20h,1350 rpm I

N N
Ho NN oy OH HO NN Non OH HO NN Non OH

9 10 11d: SW-TMB
11e: DW-TMB
11f: MW-TMB

Scheme 3. Synthesis of the CNTs-dendrimer nanostructures
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318 mg dendrimer was dissolved in 30 mL dry dioxane. The mixture
was heated at 50 °C and 100 mg CDI was added. The reaction mixture was
stirred for 24 hours at 50 °C. The solvent was evaporated on rotary evaporator
and the remained viscous substance was used in the next step without further
purification. Compound 10 dissolved in water was added to an aqueous
suspension of 100 mg diaminooctane functionalized nanotubes. After sonication
for 30 minutes, the suspension was left on shaker at 1350 rpm overnight.
The functionalized nanotubes 11d-f were removed from the suspension by
vacuum filtration and washed with water and acetone, respectively. The
obtained nanotube-dendrimer species were dried at room temperature.

In Table 1 are presented the results of the elemental analysis.

Table 1. Results of the elemental analysis

Sample N% C% H%
SW-COOH | 0,23 | 91,72 | 1,20
SW-DAPr 1,03 | 90,31 | 1,21
SW-DAO 1,04 | 9294 | 1,54
DW-COOH | 0,18 | 89,29 | 0,96
DW-DAPr 124 | 91,73 | 1,33
DW-DAO 0,99 | 94,01 | 149
DW-TEA 1,23 | 89,39 | 1,98
MW-COOH | 0,19 | 86,49 | 1,25
MW-DAPF 1,11 | 90,45 | 1,38
MW-DAO 1,12 | 90,50 | 1,57
MW-TMB 1,36 | 89,50 | 1,89

Sample preparation for biological testing

10 mg derivatized carbon nanostructure (5a-f, 8d-f, 11d-f) was
suspended in 10 mL 0.05% Triton X-100 aqueous solution. Each sample was
sonicated for 30 minutes and stored in the fridge until testing.

The HaCaT cells were cultivated in a freshly made media consisting
of 88% DMEM (Dulbecco’s Modified Eagle Medium), 10% fetal calf serum
(FCS), 1% penicillin/streptomycin and 1% L-glutamine.

Determination of cell viability

The viability of the cells was determined using the colorimetric MTT
cell proliferation assay. The cells were incubated in plates of 96 wells for 24
hours and the prepared nanostructures were added in different concentrations
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(range 1-100 ug/mL). After the repeated incubation, MTT solution was added
to each well (10 uL, 5 mg/mL in phosphate buffer) and the samples were
incubated at 37 °C for 90 minutes (humidity ~90%, CO, content ~5%). The
formed insoluble purple formazan crystals were dissolved by adding an
acidified isopropanol solution (40 mM HCI, 0.1% Triton X-100). The
absorbance of samples was measured at 550 nm. The reference wavelength
used was at 630 nm. Each sample absorbance was measured consecutive 5
times and the average value was used for the determination of the number of
viable cells, which can be expressed with the following formula:

Viability (%) = (As* 100)/ Aca,

where As is the absorbance of the sample; Aca is the absorbance of the
positive control.

Instruments used

The thin layer chromatography analysis was accomplished on Silica
Merck TLC 60 F2s: aluminum plates. The elemental analysis measurements
were performed on vario MICRO cube CHN elemental analyzer. The
transmission electron microscopy images were recorded on STEM HD 2700
Hitachi microscope with EDX system. The cytotoxicity was measured with a
BioTek Synergy HT plate reader using Gen5 Plate Reader software.
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ABSTRACT. Multi-walled carbon nanotubes (MWCNTSs) surfaces have been
characterized by FTIR and SEM techniques. The adsorption performance of
MWCNTSs was investigated for the removal of ammonium ions from wastewater.
The effect of contact time, temperature and initial ions concentration on the
adsorption of ammonium ions by MWCNTSs were studied and optimized. The
results showed a high adsorption capacity of 129 mg/g according to Langmuir
isotherm model and removal efficiency of 95%. In addition, the adsorption kinetic
and equilibrium data were fitted to the pseudo—second—order model. The potential
application of MWCNTSs for adsorption of ammonium ions from wastewater was
successfully accomplished using a batch adsorption technique.

Keywords: Carbon nanotubes; Removal; Adsorption; Kinetics; Isotherm;
Ammonium ions; Langmuir

INTRODUCTION

The scientific community has a growing interest in environmental
protection against aquatic pollution from various industrial activities for the
reduction and/or the valorization of solid wastes. In this context, many studies
were performed using nanoadsorbents. These adsorbents are used for removal
and adsorption of ammonium ions from wastewater [1, 2]. The use of these
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nanomaterials has shown many advantages, such as large specific surface
area, effective and economical removal, high adsorption capacity, and surface
reactivity [3-7].

Carbon nanotubes (CNTs), which were discovered by lijima in 1991
[8], are one of the most widely studied carbon nanomaterials and can serve
as excellent adsorbents [9-11] because of their hollow and layered structure
and large specific surface area, which make CNTs the most commonly
used nanomaterials for adsorbing toxic material [12]. CNTs can be classified
into three types: single-walled (SWCNTs), multi-walled (MWCNTSs), and
functionalized (f-CNTs) [12-15]. Such materials have already played a key
role in the effective removal of several organic contaminants from water [16].
For example, MWCNTs are much more effective in the removal of organic
chemicals from wastewater than activated carbon [17, 18].

The aim of the present work is to evaluate the potential and
effectiveness of MWCNTs for the removal of ammonium ions from
wastewater. The effect of various parameters such as contact time (t),
temperature (T), and initial ions concentration (C) on the adsorption process
were studied and optimized. The objects of this work are as follows: (i) to study
the feasibility of using MWCNTs as adsorbents for the removal of ammonium
ions, (ii) to determine the applicability of various isotherm models (i.e.,
Langmuir and Freundlich) to find the best-fit isotherm equation, and (iii) to
evaluate kinetic parameters and explain the nature of adsorption.

RESULTS AND DISCUSSION

FTIR was used to characterize the functional groups present on the
surface of the adsorbent. Figure 1 (a) showed a weak band at 3785 cm-"
which indicate the presence of unbound or free hydroxyl group (—OH) [19].
The strong band at 3445 cm™ might be due to the presence of intermolecular
hydrogen bonding or O—H stretching vibrations of the carboxylic acid groups
[19, 20]. The band at 1720 cm™ can be assigned to the C=0 stretching
mode of the —COOH groups [21]. The band at 1570 cm' can be assigned to
the C=C stretching, which indicates the graphite structure of MWCNTSs [20].
The bands at 1120 and 900 cm™ can be assigned to the C-O and C-C
stretching modes, respectively [19, 22].

In addition, the surface textural and morphological properties of the
developed adsorbent were carried out using SEM imaging, as shown in
Figure 1 (b). MWCNTs were entangled and some were in the form of
agglomerates with various bunches of rope-like structures with smooth
surfaces. The tube lengths were several micrometers while the diameters
were lower than 50 nm.
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Figure 1. FTIR spectrum through graphical representation (a)
and SEM image (b) of MWCNTs.

In this work, the adsorption capacity of ammonium ions on MWCNTs
surface was studied. Effect of contact time at adsorption experiments
occurred at various time between 10 and 100 min. As shown in Figure 2,
removal of ammonium ions by MWCNTs adsorbent was very slow after 55
min; therefore, 60 min was selected as the optimum time for the adsorption
process of ammonium ions on MWCNTSs surface at pH =6 and T = 298 K.
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Figure 2. Effect of contact time on the removal of ammonium ions by MWCNTSs
(atpH =6, T=298 K, Co = 140 mg/L, dosage = 0.05 g and 10 mL solution).
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To study the effect of temperature on ammonium ions removal on
MWCNTs surface, adsorption experiments were carried out at several
temperatures ranging from 298 to 338 K. All adsorption experiments were
performed at 60 min and at a pH of 6. Figure 3 displays the effect of
temperature on the removal of ammonium ions by MWCNTs adsorbents.
The removal of ammonium ions on MWCNTs surface increased with
increasing the temperature; removal was 75 % at 298 K and reached 93%
at 338 K.
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Figure 3. Effect of temperature on the removal of ammonium ions by MWCNTs
(at pH = 6, time = 60 min, Co = 140 mg/L, dosage = 0.05 g and 10 mL solution).

The effect of initial ammonium ion concentrations on the adsorption
by MWCNTSs surface is shown in Figure 4. The percentage of adsorbed ions
increased with the increase in initial ion concentration. Around 60% of
ammonium ions were removed using 80 mg/L MWCNTSs, while at 140 mg/L
more than 93% of the ions were been removed. This is because at higher
concentrations, the ratio of the initial humber of ammonium ions to the
available surface area is high and, subsequently, the fractional adsorption
becomes independent on the initial concentration. However, at high
concentrations, the available sites for adsorption become wider and the
adsorption of ions depends upon the concentration [23].
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Figure 4. Effect of initial ions concentration on the removal of
ammonium ions by MWCNTSs (at pH = 6, time = 60 min,
T =298 K, dosage = 0.05 g, and 10 mL solution).

Adsorption is a physicochemical process that involves mass transfer
of a solute from liquid phases to the adsorbent surface. Four of the most
widely used kinetic models, pseudo-first-order, pseudo-second-order, intra-
particle diffusion, and Elovich models, were used to study the adsorption
kinetic behavior of ammonium ions onto MWCNTs. The best-fit model was
selected based on the linear regression correlation coefficient values (R?)
and the average relative error (ARE). The differential form of the pseudo-first-
order kinetic equation [24, 25] can be expressed as:

dg

d—:=kf(qe—qt) (1)

where ge and q: are the amounts of dye per unit of adsorbent (mg/g) at time {,
respectively; kr is the pseudo-first rate constant (min™"); t is the contact time
between the adsorbent and adsorbate (min). Integrating equation (1) and
using boundary condition,t=0tot=tand g: = 0 to q; = qi, the next linear
form will be obtained, known as a first order Lagergren's rate equation [23]:

K
¢ 2)

/Og(qe _qt): logqe " 5303
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A linear fit of log (ge-qt) versus t showed the applicability of this kinetic
model. The pseudo-first-order rate constant (ki) and g values can be
determined from the slope and intercept of the plotted line.

The pseudo-second-order model [25] is expressed as:

%:ks(Qe_qt)Z (3)
t

where ks (g/(mg.min)) is the rate constant of the pseudo-second-order
sorption. The linear forms of equation (3) may be presented as follow [26, 27]:

t ! +it 4)

q. kaq? q.

According to equation (4), plotting t/q: versus t gives a straight line
with a slope of 1/(ks qe?) and an intercept of 1/qe.

Weber and Morris developed a widely accepted kinetic-based model
that represents the time dependent intra-particle diffusion of components.
Their model showed that the sorption process is diffusion-controlled if the
rate is dependent upon the rate at which adsorbate and adsorbent diffuse
toward one another [28]. The adsorbate uptake varies almost proportionally
with 2 rather than with the contact time, t. According to the following
Weber—Morris’s equation:

q, =kt +C (5)

where C (mg/g) is the intercept, and k; is the intra-particle diffusion rate
constant (mg/g.min?), which can be calculated from the slope of the linear
plots of g: versus t"2. A kinetic equation of chemisorption was established by
Zeldowitsch [29] and was used to describe the rate of adsorption of carbon
monoxide on manganese dioxide that decreases exponentially with an
increase in the amount of gas adsorbed [27], which is the so-called Elovich
equation as follows [30]:

dg, /d, =a,,, (- Bq?) (6)

where a is the initial adsorption rate (mg/g.min), and B is the adsorption
constant (g/mg) during any experiment. With the assumption of a g >> 1,
equation (6) was integrated by using the boundary conditions of g=0att=0
and q=qatt=tto yield:

q, =1/BIn(aB)+1/BIn(t) (7)

238



ADSORPTION OF AMMONIUM IONS ONTO MULTI-WALLED CARBON NANOTUBES

If ammonium ion adsorption fits the Elovich model, a plot of g: versus
log t should yield a linear relationship with a slope of 7/8 and an intercept of
1/8 log (ap). Kinetic parameters of ammonium ion adsorption onto MWCNTs
initial ion concentrations are shown in Table 1. The results obtained indicate
that only the pseudo-second order model fit the kinetic data for MWCNTs on
ammonium ions in the whole data range. Furthermore, the values of R? and
ARE for the pseudo-second-order model are much higher than other kinetic
models. There was good agreement between the model fit and experimentally
observed equilibrium adsorption capacities in addition to the large correlation
coefficients. This suggests that ammonium ion adsorption onto MWCNTs
followed the pseudo-second-order kinetic model.

Table 1. Comparison of kinetic models for adsorption of ammonium ion.

Model Parameters Value
Pseudo-first-order ge €xp (Mg/g) 95.74
ge cal (mg/g) 41.21
Kt (min'") 0.121
R? 0.875
ARE 3.90
Pseudo-second-order ge €Xp (MQY/Q) 97.92
ge cal (mg/g) 98.1
Ks (g/mg.min) 0.0071
R? 0.999
ARE 1.1
Intra-particle diffusion ki(mg/g/min"?) 0.1352
C (mg/g) 0.0181
R2 0.988
ARE 3.2
Elovich a 0.4489
B 10.1351
R? 0.895
ARE 0.7

Adsorption isotherms are essential for the description of the interactive
behaviour between adsorbate and adsorbent, and they are critical in optimizing
the application of an adsorbent. To estimate adsorption capacities, the
equilibrium data was fitted to the well-known Langmuir and Freundlich
isotherm models [31]. The mathematical representations of these models are
given in the equations below ((8) and (9), respectively):
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RN RN @
Qe Qo |QoK; |Ce

1
lo =log K, + ——Ilog C 9
ng g f+2.303n g e ( )

where, Q. is the adsorbate equilibrium amount in solid phases (mg/g), Qo is
the maximum adsorption capacity according to Langmuir monolayer
adsorption (mg/g), and K, is constant according to the Langmuir isotherm
(L/mg). Kr (mg/g)(L/mg) and n are Freundlich constants related to adsorption
capacity and adsorption intensity of the adsorbent, respectively. The values
of Kr and 1/n can be obtained from the intercept and slope, respectively, of
the linear plot of experimental data of log Q. versus log Ce. 1/n values
indicate the type of isotherm to be irreversible (1/n = 0), favorable (0 < 1/n < 1)
and unfavorable (1/n > 1) [20]. Langmuir isotherm values of Q, and K, can
be calculated from the slope and intercept of the linear plot of 1/Q. versus
1/Cs. The adsorption isotherm for ammonium ions by MWCNTSs surface is
listed in Table 2.

Table 2. Fitting parameters of the ammonium ions adsorption experimental results
to the Langmuir and Freundlich isotherm models.

Model Parameter Value
Qo (mg/g) 129

Langmuir KL (L/mg) 3.08
R? 0.999
1/n 0.802

Freundlich Kr (mg/g)(L/mg) 41.3
R? 0.852

Based on the correlation coefficient as shown in Table 2, isotherm
Langmuir represents a better fit of experimental data than Freundlich isotherm
in all cases. It indicates that the surfaces of adsorbents are mainly made up
of heterogeneous adsorption patches [24] in addition to less homogeneous
patches [32]. The Freundlich constant (n) is a measure of adsorption intensity.
As seen from Table 2, the values of 1/n for adsorbent were below 1, which
indicate high adsorption intensity [25]. K¢, which is related to the adsorption
capacity, also shows that the adsorption capacity increased with temperature
increase, indicating that the adsorption processes are exothermic in nature. But
the increase of the values of 1/n with the temperature decrease suggests the
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increasing trend of the adsorption intensity. As temperature increased, the more
ammonium ions were adsorbed, the keener the competitions for the limited
adsorption sites and the stronger the attraction among the molecules, which
resulted in an increase of adsorption intensity. From the results, MWCNTs
surface has advantages for adsorption of ammonium ions. The favorability of
the ammonium ion adsorption process onto adsorbent surfaces evaluated
using a dimensionless parameter (R.) derived from the Langmuir expression
is defined as follows [33]:

1

L 14k LCo (10)

The adsorption process can be defined as irreversible (R, = 0),
favorable (0 < R, < 1), linear (R. = 1) or unfavorable (R. >1) in terms of R_[30].
The calculated values of R for adsorption of ammonium ions by MWCNTSs
surface fall between 0 and 1; thus, the adsorption of ammonium onto adsorbent
is favorable. The adsorption capacity of the MWCNTSs, calculated by the Langmuir
equation, was about 129 mg/g. In addition, the removal efficiency for adsorbate
was found to be 95%.

CONCLUSIONS

In this study, multi-walled carbon nanotubes (MWCNTs) were tested
as adsorbent for the removal of ammonium ions. The effect of contact time,
temperature and initial ions concentration on the removal of ammonium ions
was investigated through batch experiments. The optimum contact time,
temperature and initial concentration for adsorption were obtained to be 60 min,
338 K and 140 mg/L, respectively. The kinetics of adsorbent was experimentally
studied and the obtained rate data were analysed using the pseudo-first-
order, pseudo-second-order, intra-particle diffusion, and Elovich models.
Based on the values of the correlation coefficient (R?) and average relative
error (ARE) obtained for all tested models, pseudo-second-order was found
to best correlate the rate kinetic data of MWCNTSs. In addition, adsorption
parameters for the Langmuir and Freundlich isotherms were determined and
the equilibrium data were found to be best described by the Langmuir
isotherm model with maximum adsorption capacity of 129 mg/g. Moreover, the
removal efficiency for adsorbate respectively was found to be 95%. Therefore,
MWCNTSs could be considered as a promising absorbent for water treatment
or environmental management in terms of high efficiency and feasibility.
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EXPERIMENTAL SECTION

MWOCNTSs were purchased from Nano Amor Nanostructured & Amorphous
Materials, Inc., USA (Purity, > 95%; outer > 50 nm; length, 500-115 2000 nm;
surface area, ~ 40 m?/g; and the manufacturing method, catalytic chemical
vapour deposition (CVD)). Ammonium chloride salt (NH4Cl) (molecular weight,
53.16 g/mol) was supplied by Merck (Germany) (maximum purity available).
Doubly distilled deionized water (HPLC grade 99.99% purity) was obtained
from Sigma Aldrich Co. (Germany). All supplementary chemicals were of
analytical grades and were purchased from Merck Inc., USA.

The functional groups of the prepared materials were identified by
Fourier transform infrared spectroscopy (FTIR) using a Tensor 27, Bruker,
Germany. Small portions (about 5 mg) of powder samples were homogenized
with KBr (about 100 mg) using an agate mortar and pelletized prior to
measurement. Moreover, the surface morphology of MWCNTs was investigated
with a JEOL JSM-5900LV scanning electron microscope (SEM) (Japan) with
an acceleration voltage of 20 KV.

For the purpose of studying the adsorption process, a 1000 mg/L
stock solution of ammonium was prepared by dissolving 3.819 g of ammonium
chloride (NH4Cl) in deionized water. The solutions to be used were prepared
by diluting the stock solution with deionized water when necessary.

Adsorption experiments were conducted by using 100 mL glass
flask containing 0.05 g of the adsorbent and 10 mL of the ammonium ions
solution with the initial concentration of 140 mg/L. The glass flask was
sealed with a glass stopper. The samples were then mounted on an ultrasonic
bath for 60 min at various temperatures (298 - 328 K). The ultrasonic bath
(71020-DTH-E; Model 1510 DTH, 220V; EMS Company) was used to
prevent particles aggregation and bulk formation. Then, the samples were
centrifuged at 4500 rpm and the supernatant was filtered by 0.2 um filter
paper for subsequent ammonium concentration analysis. The initial and
final ammonium concentrations remaining in solutions were analysed by a
UV spectrophotometer (Varian-Cary100 Bio), monitoring the absorbance
changes at a wavelength of maximum absorbance (A = 400 nm). The
difference between the initial and equilibrium ion concentrations could
determine the amount of ions adsorbed onto the MWCNTSs surface. The
amount of ammonium adsorbed was determined by the difference between
the initial and residual concentration of ammonium ion solution. The
removal capacity of ammonium ions by MWCNTSs was calculated using the
equations (11) and (12), respectively [34, 36]:
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C,-C. Vv
qe =( o e) (11)
m
(Co_Ce)
Removal (%) =100 x—2 == (12)

o

where g was the amount of ammonium ions taken up by the MWCNTs
(mg/g), Co was the initial ammonium ions concentration put in contact with
the MWCNTs (mg/L), Ce is the ammonium ions concentration (mg/L) after
the adsorption procedure, mis MWCNTs mass (g) and V is the volume of the
ammonium ions solution (L). To evaluate the fithess of kinetic and isotherm
equations to the experimental data, ARE was calculated using equation (13)
and used to measure the kinetic and isotherm constants [37]. ARE can be
expressed as:

qi,cal - qi,exp
‘ qi,exp

where n is the number of data points. Each experiment was conducted in
triplicate under in the same conditions to confirm the results, and was found
reproducible. Also, all the experiments were performed in triplicate, and only
the mean values have been reported. Ammonium ions concentration was
measured by Nesslerization Method [38].

ARE(%) = 120 > ‘ (13)
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RHEOLOGICAL INVESTIGATION OF RUBBER BITUMEN
CONTAINING VARIOUS WAXES AS WARM MIX ADDITIVE

PETER GERGO¥, ANDRAS HOLLO?, ANDRAS GEIGER®

ABSTRACT. The aim of this study is to investigate the effect of various wax
type warm mix additives on the rheological properties of Chemically
Stabilized Rubber Bitumen (CSRB). The rubber bitumen samples were
prepared by the modified wet process (HU 226481) and the bitumen tests
were carried out according to the relevant standards. Two types of warm mix
additives (polypropylene wax - produced by thermal cracking of polypropylene
and Fischer-Tropsch wax) with different concentrations (1.0%, 3.0%, 5.0%,
7.0% by weight) were used in our research. The influence of these warm mix
additives on the rheological properties was evaluated by Dynamic Shear
Rheometer (DSR) test. Multiple-stress creep and recovery (MSCR) test was
also used for the determination of percent recovery and non-recoverable creep
compliance of wax-modified and neat asphalt rubber samples. According to the
results of DSR tests the addition of the Fischer-Tropsch wax resulted a higher
complex modulus (thereby stiffness) and favourable higher recovery values
based on MSCR tests unlike the addition of polypropylene wax.

Keywords: warm mix additive, asphalt rubber, rheological properties, MSCR

INTRODUCTION

The maijor source of pollution in asphalt application originates from its
production and lay down. Moreover, the energy consumption of the high-
temperature Hot Mix Asphalt (HMA) technologies is also large. The lower energy
consumption of road construction and thus lower greenhouse gas emission can
be achieved with the production of so-called warm mix asphalt [1]. The most
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common manufacturing technologies of Warm Mix Asphalt (WMA) can be
classified into three groups based on the technology used. In the first group,
there are water-based, foaming technologies. The second group contains
organic additives applying technologies. In the third group there are chemical
additives applying technologies. The most commonly used chemical additives
include waxes produced by Fischer-Tropsch (FT) synthesis, fatty acid amides,
and Montan wax [2-3].

Applying the latter additives during the temperature rise the wax will
melt and remains above the melting point and because of the lower viscosity
it decreases the viscosity of the whole mixture. During cooling the asphalt
mixture, the applied additive solidifies — distributed uniformly in the mixture, in
microscopic form. These crystalline particles increase the rigidity of the mixture
similarly to the fiber reinforced materials.

An important requirement of this process is the selection of the right
additive type, which avoids problems that can occur with the temperature [4].
One such problem may arise if the wax has a melting point lower than the
temperature of application and therefore care must be taken in selecting the
wax having the strength and toughness on the application temperature. In
addition, the selection of the wax having appropriate properties reduces the
low temperature embrittlement problems [5].

Waxes used in these technologies have generally high molecular
weight, paraffins having high carbon numbers (C45<) and a melting point
between 80 and 120°C are applied [6]. Depending on the technology a small
amount of these waxes, about 2-4% are applied concerning the total weight of the
bitumen binder. The available mixing and processing temperature decrease is
approximately 20-30°C.

In addition to the three main wax types experiments are conducted
with waxes originating from waste polypropylene pyrolysis or cracking in
order to decrease the application temperature of hot asphalt technologies [7].

Rubber bitumen is a special type of modified bitumen. Thanks to the
crumb rubber in the composition, it has better characteristics than the base
bitumen, similarly to the conventional Polymer modified Bitumen (PmB). In
addition to this because of the partly diluted rubber particles the traffic noise
is lower, the pavement is more flexible, it has better resistance to fatigue and
load, in the meantime it has outstanding cold weather resistance. The stability
of the rubber bitumen produced according to the modified wet process is better
compared to the conventional rubber bitumen, namely it has low separation
tendency [8-9].

The viscosity of CSRB is lower compared to conventional rubber bitumen
and similar to the well-known PmB’s and higher than base bitumen, thus it
requires higher mixing temperature. Because of this in case of CSRB the mixing
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temperature and the decrease of the viscosity are important R&D target.
Because of the above reasons the application of WMA additives are also
recommended.

Different WMA additives were recently studied by other researchers
in rubber bitumen. E.g. 2-4% Fischer-Tropsch wax addition could result 10-
30°C lower mixing temperature in similar asphalt rubber binder [10].

RESULTS AND DISCUSSION

In order to determine the base properties of the samples the softening
point, penetration, Fraass breaking point and storage stability were measured.

Based on the changes in the softening point, the admixing of
polypropylene wax reduced this value of samples. Increasing the concentration,
the effect has increased slightly (figure 1).
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Figure 1. Influence of polypropylene wax and FT wax
on softening point of the samples

The mixing of polypropylene wax had an impact also on the
penetration of the samples (figure 2.). This value increased for higher doping
concentration (5.0 to 7.0%); the effect was more significant. In contrast the
FT wax highly hardened the samples, thus reduced the penetration value,
but due to this effect the samples were also brittle (figure 3).
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Figure 2. The influence of PP heavy residue and FT wax
on the penetration of the samples

Based on the Fraass breaking point of the samples which characterizes
the cold side properties; the mixing of polypropylene wax was more
favourable compared to the FT wax, because in this case, to a lesser extent
increased the breaking point with the additive concentration. This effect may
have caused by the olefin content of polypropylene wax and the resulting
higher pour point compared to the pure paraffin type FT wax (figure 3).
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Figure 3. The influence of polypropylene wax and FT wax
on Fraas breaking point of the samples

To characterize the storage stability of bitumen, the softening point
difference between the upper and lower section of bitumen are measured
after storage. However, this basic test method is not always characterising
correctly the application properties of the samples. This is especially true for
the multi-component systems such as modified bitumen containing different

modifying agent with different functions, composition and thus different
characteristics.

250



RHEOLOGICAL INVESTIGATION OF RUBBER BITUMEN CONTAINING VARIOUS WAXES

Both the studied additives slightly deteriorated the stability. Based on
the measured values significant differences were not experienced between
the two additives used. The stability of the samples reduced (softening point
difference increased) slightly by increasing the concentration of the waxes
(figure 4).
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Figure 4. The influence of polypropylene wax and FT wax on the storage stability
(softening point difference) of the samples

We also investigated the high temperature viscosity of the lower and
upper part of the stored samples. Due to the increased sedimentation, great
differences of the viscosity were measured between the lower and upper part
of the samples containing the polypropylene wax on both investigated
temperatures. This difference is increased by increasing the additive
concentration. In case of measuring FT wax containing patterns, we have
also seen separation, however, the trend was different (figure 5).
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Figure 5. The influence of polypropylene wax and FT wax on the storage stability
(dynamic viscosity difference) of the samples
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The viscosity reducing effect of the flow modifiers was tested on the
compaction (135° C) and the mixing (180° C) temperatures of the asphalt
mixture as well. Based on the results both additives have favourable viscosity
decreasing effect; the result of polypropylene wax admixing was slightly

lower than the FT wax admixing (figure 6).
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Figure 6. The influence of polypropylene wax and FT wax
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We determined the changes of complex modulus (stiffness) for
polypropylene wax containing samples varying the temperature. We found
that this value decreased in the whole temperature range. In the lower
temperature range (below 35°C) with increasing the doping concentration,
the stiffness value approached the value of the reference sample. In contrast,
with the application of the FT wax, the stiffness increased greater extent

below 70°C because its plastomer type (figure 7).
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Figure 7. The influence of polypropylenewax and FT wax
on the complex modulus of the samples
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The multiple creep relaxation test provides information on elastic,
resilient properties of the samples. During this test, the sample is first loaded
with a force of 100 N for 1 second, followed by a 9 seconds-long relaxation
phase. This cycle was performed 10 times, and then the force increased to
3200N and a further 10 cycles were performed as previously mentioned
monitoring the changes of deformation, according to the MSZ EN 16659
standard [11]. The samples which contained polypropylene wax additive were
more susceptible to deformation. The 100N cycles resulted less deformation,
while the samples were being greatly deformed during the 3200N cycles. In
case of addition of the FT wax opposite effect was observed. When the
additive concentration increased, susceptibility to deformation reduced
compared to the reference sample due to the intake of hard parts (figure 8-9).
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Figure 8. The results of multiple creep relaxation tests of polypropylene
waxe modified samples
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Figure 9. The results of multiple creep relaxation tests of FT wax modified samples
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The amount of recovery was also calculated. The elasticity of
polypropylene containing samples were about the same during the 100N
load, however, the value fell short of the reference sample of over 3200N
loads. In case of FT wax containing samples, when the concentration
increased; the maximum deformation is reduced, however, based on the
favourable relaxation characteristics of the matrix the residual deformation
was less, so the samples showed better reversion (figure 10-11).
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Figure 10. The recovery of polypropylene wax modified samples
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Figure 11. The recovery of FT wax modified samples

The application of polypropylene wax at 1 and 3% concentration
increased the modulus (stiffness) at 15°C and 10Hz load, but the further
increase in additive concentration largely reduced this value due to the
weak stiffness of the additive. The FT wax increased this value at all

concentrations, but due to the increasing effect, the samples become rigid
(figure 12).
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Figure 12. The influence of polypropylene wax and FT wax
on the modulus of the samples

CONCLUSIONS

As a result, it can be concluded that both polypropylene wax and
Fischer-Tropsch wax favourably reduced the viscosity of chemically stabilized
rubber bitumen at high temperature (135-180°C). With the application of these
wax type additives, the breaking point of the samples significantly deteriorated.

In the rheological measurements we found greater changes in
properties and different behaviour of the samples.

The resistance to deformation improved with the use of Fischer-
Tropsch wax in medium asphalt temperature (15°C), the modulus also
increased, which resulted the improvement of resistance to loads, nevertheless
the rigidity of the samples increased. In contrast, the polypropylene wax
modified samples were sensitive to deformation and their elastic recovery
values also reduced.

Regarding the industrial application further studies are needed to
determine the optimal concentration of the additives for these binders meeting
the standard properties of the rubber bitumen. These tests are ongoing.

EXPERIMENTAL SECTION

The following materials were used in the study to carry out the
experiments: Sasolwax C80 hard wax (congealing point: 80-85°C, drop point:
88°C) from Novochem Ltd. (Overlack Group) and polypropylene wax made
by thermal cracking of polypropylene (drop point: 58°C). The base material
was a commercial, Chemically Stabilized Rubber Bitumen (CSRB) produced
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according to the modified wet process (HU 226481) [12], by MOL Plc.,
meeting the requirements of the Hungarian MSZ 930:2015 standard [13].
Different concentrations of the warm mix additives (1.0%, 3.0%, 5.0%,

7.0% by weight) were used in our research program. The influence of the
warm mix additives on the rheological properties was evaluated by Dynamic
Shear Rheometer (DSR) tests with an Anton Paar MCR301 Dynamic Shear
Rheometer. Complex modulus (G*) changes of each bitumen samples at
15°C in various frequency load were measured compared to the asphalt
stiffness and fatigue tests. The measured properties are shown in Table 1.

Table 1. Investigated parameters of the bitumen samples

Standard tests

Properties Standard
Softening point, °C MSZ EN 1427
Penetration, 0,1mm MSZ EN 1426
Fraass breaking point, °C MSZ EN 12593
Dynamic viscosity, mPas MSZ EN 13302
Storage stability, °C MSZ EN 13399

MSZ EN 1427
Multiple Stress Creep Recovery (at 60°C) MSZ EN 16659

Non-standard rheological tests

Temperature sweep (80-15°C temperature range, 10Hz frequency, 1°C cooling rate)

Frequency sweep (at 15°C, 0,1-100 Hz frequency range)
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HIGHLY EFFICIENT PURIFICATION OF FINELY DISPERSED
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ABSTRACT. In the present study the purification of finely dispersed oil
contaminated water (100 ppm crude oil; doi droplets<2 M) was investigated by
using coagulation/flocculation process, membrane separation and combined
methods. As coagulant, polyaluminum chloride (Bopac) iron(lll) chloride and
aluminum(lll) chloride, while as flocculant anionic polyelectrolyte were
applied. For the membrane separation, hydrophilic polyethersulfone (PES)
microfilter (d=0.2 pm) was used, while for the determination of the
purification efficiencies turbidity, chemical oxygen demand and extractable
oil content were measured. The utilization of Bopac polyaluminum chloride
coagulant (by setting AI** content to 20 ppm) resulted in high purification
efficiency (96.7%). The extra addition of 1 ppm anionic polyelectrolyte lead to
the increase in efficiency up to 98.8%. Due to the effective destabilization of
oil in water emulsion the flux highly increased during the microfiltration of the
emulsion, since both irreversible and reversible membrane resistances were
greatly reduced.

Keywords: oil contaminated waters, coagulation, flocculation, Bopac,
membrane filtration

INTRODUCTION

Large amount of oil contaminated waters are produced by many
industrial processes, including food processing, petrochemical industries, metal
industry and oily contaminants can appear in ground waters as well [1-6].
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For the elimination of oily pollutants of waters, the most common processes
are gravity separation, centrifugation [7], skimming [8], flotation [9], thermal
process [10], adsorption [6] and chemical destabilization [2, 5, 7, 10-12].
These traditional methods are sufficiently effective in case of free (or floating)
oil (doi aroplets>150 M) and in case of coarse dispersions. However, oil in
water emulsions (which is characterized in the literature by droplets smaller
than 20 ym) and “dissolved oils” (when droplets are smaller than 5 pm)
require to develop more effective destabilization methods and/or more
effective water treatment processes [3, 13-17].

Membrane separation (micro- [15, 17-25] and ultrafiltration [13, 18,
23, 26-29]) can also be efficient for the treatment of these kind of water
pollutants, however membrane fouling [10, 30] is a general problem (not only
in case of oily contaminants), which inhibit the economic utilization in many
cases. Microfilters have relatively higher fluxes compared to ultrafiltration, but
the latter results in higher purification efficiency. To reduce fouling, highly
hydrophilic membranes [25, 31, 32] can be used (in case oil in water
emulsions), or membrane separation can be combined with other methods
such as gas injection [33], ozonation [34, 35] or destabilization [5, 36]. In the
recent study of M. Matos et al. [5] destabilization/centrifugation/ultrafiltration
hybrid process was applied with high efficiency (97.4%) to purify oil in water
emulsion, using calcium chloride coagulant and ZrO» ceramic ultrafilter (300
kDa) membrane. Their results are very promising, however the utilization of
microfilter membranes (in order to achieve relatively higher fluxes) can be
more preferable if the destabilization method is effective enough to allow its
utilization with similarly high purification efficiency.

In the present study finely dispersed oil (doil droplets<2 pm) contaminated
water was purified with destabilization, and the effect of pretreatment on
membrane microfiltration was investigated.

For the destabilization of the emulsion polyaluminum chloride was used
as coagulant. Polyaluminum chlorides are extensively used in water and waste
water treatments, which have several beneficial properties in comparison with
conventional aluminum chloride such as higher removal efficiency, lower pH
sensitivity and lower residual Al** content [11, 12]. Polyaluminum chlorides contain
Al(OH)**, Alg(OH)20**, AlO4Al12(OH)4(H20)12" and other species [11, 37].
AlO4Al12(OH)24(H20)12™* (generally referred as Aliz) has been reported as the
most effective species of polyaluminum chlorides, which has a pre-hydrolyzed
structure with high positive charge (Ali3"*) making it less sensitive to pH
changes [11, 38-40]. Al43 can be described by the Keggin structure: The central
tetrahedral AlO4 unit is surrounded by octahedral AlOg units. This structure allows
the molecule to hydrate and dehydrate without significant structural changes.
These Alq3 units can connect at the peaks and edges of octahedrals creating
long chains which contain hydroxyl functional groups and cause high adsorption
efficiency resulting in high elimination performance of colloid pollutants.
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Since polyethersulfone is one of the most extensively used material to
produce nano-, ultra-, and microfilter membranes [4, 23, 24, 41], because of its
chemical- and thermal stability, easy processing and environmental endurance
[4, 42], therefore in the present study polyethersulfone microfilter was used to
eliminate the oily contaminants with and without the destabilization pretreatment.
Permeate fluxes, resistances, fouling models and purification efficiencies were
investigated in both cases.

RESULTS AND DISCUSSION

Destabilization of finely dispersed oil in water emulsion

In the first step Bopac was added into the emulsion in 6 different
amounts which resulted in 2, 5, 10, 15, 20 and 40 ppm AP* content in the total
volume. After 30 min sedimentation, the turbidity of the supernatants was
measured and the purification efficiencies (Figure 1) were calculated from the
initial turbidities (15515).
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Figure 1. Purification efficiencies (calculated from turbidity values) in case of different
Bopac coagulant dose (resulted 2, 5, 10, 15, 20 and 40 ppm aluminum content)
with and without the addition of 1 ppm anionic polyelectrolyte flocculant.

As it can be seen in Figure 1 higher coagulant dose resulted in increased
purification efficiencies. It should be noted that in case of lower aluminum doses
(2, 5 and 10 ppm AP* content) the created flakes were floating in the treated
emulsions because of the very similar density of the flakes to water due to the low
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density of original oil droplets (~0.73 g/mL). At higher aluminum doses (15, 20, 40
ppm), the flakes were easily sedimented. 20 ppm aluminum concentration
resulted in 96.7% puirification efficiency, while double dose increased this value up
to 97.5%, but this high concentration is not recommended because of the double
amount of sediment.

Experiments were also carried out by the further addition of 1 ppm
anionic polyelectrolyte to the emulsion as flocculant. In this series similar
tendency was observed, however purification efficiencies were higher in all
cases compared to the results in the absence of anionic polyelectrolyte
(see Figure 1). By the utilization of flocculant the produced flakes were
much bigger than in the absence of the polyelectrolyte, therefore the flakes
sedimented much faster in case of 15, 20 and 40 ppm aluminum doses. At
lower aluminum content (2,5 and 10 ppm) the flakes were floating in this case
as well. 20 ppm aluminum concentration with the simultaneous utilization of
1 ppm anionic polyelectrolyte resulted in 98.8 % puirification efficiency. However,
doubled dose of aluminum (40 ppm) resulted in a marginally higher purification
efficiency (99.2%) again, but the sediment volume was much higher in this
case as well. Based on the achievable purification efficiencies and the
sedimentation tendencies (see Figure 2), 20 ppm aluminum concentration
and the extra addition of 1 ppm anionic polyelectrolyte can be beneficial.

Figure 2. Sedimantation of the destabilized oil in water emulsion by Bopac coagulant
(20 ppm aluminum content) and by the further addition of 1 ppm anionic polyelectrolyte.
Top row: after 30 sec sedimentation; bottom row: after 30 min sedimentation.
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Purification efficiencies were determined by measuring COD and
extractable oil content as well (over the turbidity) when 20 ppm aluminum
was applied with or without the utilization of 1ppm anionic polyelectrolyte.
Results are shown in Figure 3.
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Figure 3. Purification efficiencies - calculated from turbidity, COD value and extractable
oil content - in case of 20 ppm aluminum content with and without the addition of
1 ppm anionic polyelectrolyte flocculant.

Without the utilization of polyelectrolyte, the COD and extractable oil
content eliminations are slightly smaller (96.4%) than colloid elimination
(96.7% - determined by turbidity measurements) because of the small
amount of water-soluble organic compounds. When the polyelectrolyte was
also used, the determined COD and extractable oil content eliminations were
higher (99.3 and 99.8%), which presumably due to the more effective
adsorption of water-soluble organic compounds onto the flakes formed by
the polyelectrolyte. These results also confirmed the beneficial utilization of
1 ppm anionic polyelectrolyte flocculant.

Additionally, conventional iron(lll) chloride and aluminum(lll) chloride
were also applied as reference coagulants in calculated amounts, to set the Fe3*
or AR* concentration similarly to 20 ppm. Based on turbidity measurements
iron(lll) chloride resulted in a very low purification efficiency (33%) while
aluminum(lll) chloride was more efficient (72%), although to a substantially
lower degree compared to the efficiency of polyaluminum chloride (96.7%) The
outstanding purification efficiency of Bopac polyaluminum chloride can be explained
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by its pre-hydrolyzed form, the high basicity, and by the Keggin structure, which
can results in higher adsorption ability compared to conventional aluminum
coagulants.

Membrane microfiltration of finely dispersed oil in water emulsion

Finely dispersed oil in water emulsion was filtered by a polyethersulfone
membrane microfilter (dyere=0.2 pm), with and without the destabilization of
the emulsion. In case of destabilization pretreatment, Bopac (20 ppm aluminum
content) and anionic polyelectrolyte (1 ppm) were also used. The measured
flux declines are presented in Figure 4. It can be seen, that in case of not
pretreated oil in water emulsion the flux was rapidly and immensely declining,
while in case of pretreated (destabilized) emulsion much higher flux was
measured. Therefore, the total filtration time (until the VRR=5 filtration ratio)
was only 406 s in case of the destabilized emulsion, while 5493 s in case of
not-pretreated emulsion.
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Figure 4. Measured fluxes during membrane microfiltration (PES — dpore=0.2 um)
of oil in water emulsion with and without destabilization pretreatment
(destabilization was carried out with Bopac — resulting 20 ppm
aluminum content — and 1 ppm anionic polyelectrolyte).

Based on the calculations which are described in the “Experimental”
section, in the “Resistance-in-series model” chapter, the different resistances
were determined in both cases of filtrations. Results are presented in Figure 5,
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which demonstrates that the total resistance was ~96% lower in case of
destabilized oil in water emulsion compared to the flux of not pretreated
emulsion. Both irreversible- and reversible membrane resistances were also
significantly reduced by the used destabilization pretreatment.

2 SE+13 4 R - membrane
. BR.; -
2.091E+13 R - irreversibla
“ R - reversible
2.0E+13 H R - total
— 1.5E+13
E
'3
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(’
0.0E+00
Not pretreated Destabilized
emulsion emulsion

Figure 5. Different resistances in case of not pretreated and
destabilized emulsion during the microfiltration.

Purification efficiency was 98% in case of not pretreated emulsion
and 99% in case of destabilized emulsion (based on measured COD values),
which means that the investigated oil in water emulsion can be effectively
purified by membrane microfiltration without any pretreatment, but filtration
resistances can be significantly reduced with the described destabilization
method.

Additionally, widely used fouling models such as complete pore
blocking-, gradual pore blocking-, intermediate filtration- and cake filtration
models [38] were fitted onto the measured flux curves and it was found that
both with or without the destabilization pretreatment the filtrations can be
described mostly by the cake filtration model.

Comparing our results with the recent results of M. Matos et al. [5]
(they applied destabilization/ultrafiltration (300 kDa) hybrid process with a
97.4% purification efficiency using calcium chloride coagulant and ZrO-
ceramic ultrafilter) it can be concluded, that using polyaluminum chloride
and anionic polyelectrolyte similarly very high purification efficiency can be
achieved. Destabilized emulsion can be filtered with high flux and with high
elimination efficiency by a microfilter, therefore the utilization of ultrafiltration
is not necessary.
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CONCLUSIONS

Bopac polyaluminum chloride successfully destabilized finely dispersed
oil in water emulsions (doi aropiets<2 M) With high efficiency, without any additional
flocculant, due to the high basicity, the pre-hydrolyzed form and the Keggin
structure. The efficient doses are not lower than 15 ppm aluminum concentration
(in case of 100 ppm oil content) since below this concentration the flakes were
floating because of their low density. 20 ppm aluminum concentration resulted in
96.7% purification efficiency, while with the further addition of 1 ppm anionic
polyelectrolyte the efficiency increased up to 98.8%, and the sedimentation
ability was also significantly increased by the added flocculant.

The investigated finely dispersed oil in water emulsion can be effectively
purified by membrane microfiliration without any pretreatment, but both
irreversible- and reversible filtration resistances can be significantly reduced with
the described destabilization method.

EXPERIMENTAL SECTION
Preparation of finely dispersed oil in water emulsion

Finely dispersed oil in water emulsion (Coi=100 ppm; dail gropiets=100-2000
nm) was prepared in two steps using crude oil (from Algyd, Hungary;, supported
by MOL Zrt.). Firstly 1 wt.% emulsion was prepared by intensive stirring (35000
rpm), then 5 mL of this emulsion was inoculated into 495 mL of model ground
water directly below the transducer of an ultrasonic homogenizer (Hielscher
UPZ200S). The duration of homogenization was 10 minutes, maximal amplitude
and cycle was applied and the emulsion was thermostated to 25°C.

14 -
12

Volume %

0 250 500 750 1000 1250 1500 1750 2000
Size (nm)

Figure 6. Size distribution of the investigated finely dispersed oil in water emulsion.
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The investigated water was a model of real groundwater located in
south Hungary, which contained the following salts: 2.26 g/L NaHCOg3; 53.4 mg/L
NH.CI; 19.1 mg/L CaCly; 20.9 mg/L KCI; 93.5 mg/L NaCl; 4.5 mg/L FeCl; and
35.1 mg/L MgSQs (Sigma Aldrich; analytical grade). The size distribution of the oil
droplets in the produced emulsion was described by dynamic light scattering
using a Malvern ZetaSizer4 type equipment (Figure 6).

Destabilization experiments

Coagulation/flocculation experiments were carried out in a four-backer Jar
Test flocculator (VELP Scientifica) at room temperature. Coagulants and flocculant
were added during intensive stirring (200 rpm); after 30 s homogenization 2 min
slow stirring (20 rpm) was applied, then the formed flakes were left to settle for
30 min. As highly efficient coagulant a polyaluminum chloride (named as
‘Bopac”, produced by Unichem Kft.- Hungary) was used, while as reference
coagulants iron(lll) chloride, and aluminum(lll) chloride (named as “Unifloc-C*
and “Unipac” respectively; produced by Unichem Kft.- Hungary) were used.
Bopac is an ACH type pre-hydrolyzed polyaluminum chloride which allowed in
drinking water production with high basicity (82.0+2%) and with an na:n¢=2.0+0.2
ratio. Enhanced flocculation was carried out by further addition of an anionic
polyelectrolyte flocculant (named as “Unifloc LT 27”; produced by Unichem Kift.-
Hungary).

Membrane filtration

Membrane filtration experiments were carried out in a batch-stirred
membrane reactor (Millipore XFUF07601; produced by New Logic Research
Inc.) equipped with a hydrophilic polyethersulfone (PES) microfilter membrane
(dpore=0.2 pm; filtration area was 0.00332 m?). The applied transmembrane
pressure was 0.1 MPa (provided by nitrogen gas). The volume of the treated
emulsion was 250 mL and filtration was carried out until 200 mL of permeate
was produced (VRR=5).

Determination of purification efficiency

Purification efficiencies were determined by measuring turbidity (Hach
2100N) and in some cases chemical oxygen demand (COD) and extractable
oil content (TOG/TPH). COD values were measured by the standard
potassium dichromate oxidation method using standard test tubes (Hanna
Instruments) and applying digestions for 120 min at 150°C in a Lovibond ET
108 type COD digester. The COD values were measured with a Lovibond
COD Vario type COD photometer. Extractable oil content was measured by
a Wilks InfraCal TOG/TPH type analyzer, using hexane as extracting solvent.

The purification efficiency (R) was determined as:
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R=|7-21100% (1)
2]

a,

where ap is the turbidity, COD, or TOG/TPH values of the feed while a
indicates the values of the permeate.
Resistance-in-series model

The membrane resistance (Rw) was calculated as [43]:

Ap [m -1 ] (2)
anw

Ry =

where Ap is the transmembrane pressure (Pa), Jw is the water flux of the
clean membrane and nw is the viscosity of the water (Pas).

The irreversible resistance (Riev) Was determined by re-measuring
the water flux on the used membrane after the filtration, followed by a
purification step (intensive rinsing with distilled water):

R, =—2P R m"] (3)

Irrev
J WA n W

where Jwa is the water flux after the cleaning procedure.

The reversible resistance (Rrev), caused by not adhered contaminants
and concentration polarisation layer can be calculated as:

R,..=_2P g

J oM ww

where J; is the flux at the end of the filtration and nuww is the viscosity of
wastewater. The total resistance (Rr) can be evaluated from the steady-state
flux by using the resistance-in-series model:

RT = RM +errev +RRev [m_l] (5)
Fouling mechanisms were described with widely used filtration laws

(complete pore blocking, gradual pore blocking, intermediate filtration and cake
filtration) [44] to characterize membrane fouling.

- R, [m'] (4)

Irrev
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CORROSION AND MECHANICAL PROPERTIES AND
MICROSTRUCTURE OF CEMENT MORTAR CONTAINING
CALCIUM SULPHATE WASTE

JULIETA DANIELA CHELARU?, FIRUTA GOGA?**, MARIA GOREA?®

ABSTRACT. The study presents the preliminary research on possibility to
use the calcium sulphate waste (CSW) as replacing of sand in the cement
mortar. The waste was chemically and mineralogical characterized. Four
compositions of mortar without and with 7.5 %, 18.78 % and 37.50 % waste
were prepared. The X-ray powder diffraction evidenced the main mineral
compounds in mortar as hydration products of calcium silicates (CSH) with a
low index of crystallinity and different oxide ratio Ca0:SiO2:H20, quartz,
calcite, anhidrite and gypsum. Optical microscopy reveals that the samples
contains aggregates as quartz, muscovite and rocks, especially of metamorphic
origin (quartzite, micaschists, and quartzitic schists) embedded in a fine matrix
resulted by hydration reactions of cement compounds or reactions of waste
components with other compounds from system. The corrosion properties of
mortar, at different CSW concentrations, on rebar, were investigated by
polarization measurements and electrochemical impedance spectroscopy.
The results revealed that at 7.5 % addition of waste anticorrosion properties
are improved. As expected, the mechanical resistances (compressive and
flexural strenght) decrease with increasing of waste in mortar composition.

Keywords: waste materials, corrosion, reinforced mortar steel, electrochemical
techniques, mechanical properties

INTRODUCTION

In last years, the increasing quantities of waste materials has
required finding of practical solutions for their recycling. There are many
studies focused on using different wastes in oxide materials compositions,
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especially in cement concrete. In these cases, the wastes can replace the
sand or aggregates in different proportions. This fact involves the reducing of
energy and natural resources and obtaining of low cost final products.

In this way, there are studies on the mechanical properties or the
corrosion properties of the concrete made with steel slag furnace [1], fly-ash
[2, 3], plastics, crushed seashells [4], lime rich sludge, fine kaolinite sand [9],
waste glass [3, 6], glass and polypropylene fibers [7]. Many studies conducted
in order to examine the possibility of using plastic and glass powders in civil
engineering and construction were reported [8]. The use of glass waste in
road construction, asphalt and others building materials was experimented
[9]. A lot of researches are focused on using agriculture wastes in concrete
compositions. For examples in [10] the durability properties of sustainable
concrete incorporating high volume of palm oil waste were investigated.

On the other hand a major importance is accorded to the corrosion
process in reinforced concrete, especially because its early identification is
difficult. Many researches are focused on techniques for evaluation of the
corrosion process in reinforced concrete mostly electrochemical techniques
[11-13].

In this context, this paper reports the corrosion and mechanical
properties correlated with chemical and mineralogical composition of waste
and cement mortar which contain different percentage of calcium sulphate
waste (CSW). The corrosion properties were studied in normal atmospheric
conditions on steel embedded in mortar mixtures using electrochemical
techniques (potentiodynamic polarization measurements and electrochemical
impedance spectroscopy).

RESULTS AND DISCUSSION

Characterization of raw materials

In the experiments for obtaining the mortar cement mixtures the usual
EN 197-1- CEM II/A-LL 42,5 R Portland cement was used. The usual sand
and the calcium sulphate waste were incorporated as mortar aggregates.
The calcium sulphate waste is resulted by thermal treatment at 600 °C of a
mixture of 50 % sand, 25 % fired clay and 25 % gypsum during the casting
process of the art statues.

Chemical composition of aggregates

The chemical composition of sand and waste obtained by traditional
wet chemistry analyses are presented in Table 1.
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Table 1. Chemical composition of sand and calcium sulphate waste

Oxide / sample [%] SiO2 TiO2 Al20s Fe203 CaO MgO Na2O KO LOI Total
Sand 93.390.20 4.15 0.29 043 0.51 0.16 0.320.55 100
Waste 61.04 0.71 11.16 0.56 23.41 0.20 0.20 0.60 2.12 100

The usually sand for mortar contains a high amount of silicon oxides
besides of small quantities of aluminum oxide respectively earth and alkaline
oxides.

The calcium sulphate waste is mainly composed of silicon dioxide and
aluminum oxide from sand and fired clay and calcium oxide from gypsum.
The minor oxides are originating from impurities presented in clay.

Mineralogical composition of calcium sulphate waste

The mineral compounds of waste influence the hydration reactions of
the cement components and/or react with other oxides from mixture forming
new reaction products. The resulting compounds can be an inert/reactive
material, a material with/without hydraulic properties and can alter the final
characteristics of cement mortar. The mineralogical composition of the waste
used in experiments was investigated by X-ray powder diffraction and the
pattern is illustrated in Figure 1.

Intensity
1000

Qz

Qz - silicon dioxide - Qurtz
900 4 Anh - calcium sulphate - Anhidrite, syn
Sil - aluminium silicate - sillimanite

Qz
1004 Qz Qz Qz Qz
B sil sil sil Q2 224 s

10,00 15.00 20,00 25.00 30,00 35.00 40.00 45.00 50.00 55,00 60.00
CuKa (1541574 4) Zthets

Figure 1. X-ray powder diffraction pattern of calcium sulphate waste. Qz —
quartz, Anh — anhydrite, Sil — silimanite.

273



JULIETA DANIELA CHELARU, FIRUTA GOGA, MARIA GOREA

The X-ray powder diffraction evidence the main mineral compounds in
calcium sulphate waste as quartz, calcium sulphate anhydrous, and silimanite.

Characterization of mortar samples

Investigation of the corrosion process in reinforced mortar

Potentiodynamic polarization measurements

Before the corrosion tests, the samples were cured for 30 days in
humidity conditions. In order to evaluate behaviour of rebar in mortar with different
CSW concentrations, the experiments were started with the open circuit potential

(OCP) measurements for a period of 1 hour.
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Figure 2. Polarization curves (x 200 mV vs. ocp) for the studied samples at
different concentrations of CSW, potential scan rate, 10 mV / min.
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In order to determine the corrosion process parameters (icor - COrrosion
current density, Ecor — potential corrosion) polarization curves in the potential
range of + 200 mV vs. OCP were realised (Figure 2).

To determine the polarization resistance values, the linear polarization
curves were recorded, in the potential domain of £ 20 mV vs. OCP. The
results obtained by Tafel interpretation and the polarization resistance values
(Rp), calculated as the inverse of the slope of each curve in case of all CSW
concentrations, are shown in Table 2.

Table 2. Corrosion process parameters for the experimented samples

Time icorr Ecor Rp
[uA/em?] [mV vs K/KCI] [kQcm?]
48 [h] 0.288 -554 0.79
Do 120 [h] 0.526 -615 0.50
6 months 7.924 -364 3.23
48 [h] 0,309 -589 1.56
D1o 120 [h] 0,371 -605 0.87
6 months 1.315 -43 33.64
48 [h] 0,479 627 0.52
D2s 120 [h] 0,304 -633 0.48
6 months 2.082 -502 12.53
48 [h] 0,493 -595 0.52
Dso 120 [h] 0,275 -585 0.51
6 months 1.891 -508 15.83

Analyzing the Table 2 data, it can observe that in the first two cases
there are no visible differences between samples without and with different
percentage of CSW. In case of corrosions tests after 6 months, it can see an
increase of the corrosion current density values for all investigated samples.
Though, it can observe that the best result was noticed at 7.5 % CSW. This
fact is suggested by the high value of the polarization resistance (R,=33.64
[kQcm?]) and the low value of the corrosion current density (icor= 1.315
[WA/cm?]). Probably a small amount of CSW (7.5 %) in the mortar composition
leads to the formation of a protective layer on the rebar.

Electrochemical impedance spectroscopy

The Nyquist diagrams obtained for the all samples, after 6 months
(the samples were maintained in this time in humidity conditions) are presented
in Figure 3b.
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Figure 3. a) Schematic representation of the mortar / rebar interface; b) Nyquist
impedance diagrams of samples with 0 %, 7.5 %, 18.78 %,
respectivelly 37.50 % CSW,; the lines represent fitted data.

Table 3. Electrochemical parameters for studied samples

C Rm nr Ry Cr Nd Rt Cy

R *
[mM]  [kQcm?] [kQecm?]  [uF/em?] [kQem?]  [uF/em?] [ngmQJ
Do 10.59 0.67 24.22 59.11 0.37 13.02 2.33 24.22
D1o 13.86 0.63 9.56 1214 0.58 887.5 301 897.06
D2s 11.22 0.64 714 426 0.54 175.4 271.6 182.54
Dso 11.85 0.69 290 13.98 0.76 13.66 1.47 303.66
Rp* = Rf‘" Rct

A schematic representation of the rebar / mortar interface is shown in
Figure 3a. The existence of the two zones, the intermediar zone, and the
zone with charge transfer and the double layer capacitance at rebar interface
are assumed. Based on these results for all samples the experimental
impedance spectra were analyzed by fitting to a R((QR)(QR)) equivalent
electrical circuit (Figure 3b). This circuit was used in many studies involving
concrete corrosion [11-13].

The equivalent electrical circuit from Figure 3b is composed of R, -
the mortar resistance, Qs - the constant phase element (CPE) of the film, Rs -
the rust layer film, Qq - the constant phase element (CPE) of the electric
double layer and R; - the charge transfer resistance at the rebar interface, nq,
ns - coefficients representing the depressed characteristic of the capacitive
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loops in the Nyquist diagram. Using the equation C = (R'Q)"" the values of
Cq and Cr were calculated. After the fitting experimental impedance spectra
the results are presented in Table 3. The quality of fitting procedure was
evaluated by the chi squared (x?) values, which were of order 1073,

In case of a redox process, the value of the polarization resistance
(Rp = Rs + Ry) can be correlated with the corrosion rate. Therefore analyzing
the dates from Table 3 it can be seen that the polarization resistance is
higher in case of 7.5 % CSW (R, = 897.06 [kQcm?]) than the other samples.
The results obtained from polarization curves are confirmed.

Macroscopic aspect of the studied samples

The all mortar samples were prepared and cured as a standard
cement mortar. After 28 days, the samples were submitted to the corrosion
investigation. The aspect of mortar samples with working electrodes after
corrosion test is presented in Figure 4.

Figure 4. Aspect of samples with working electrodes (steel rebar) in mortar at
different percentage of CaSOswaste: a) 0 %, b) 7.5 %, ¢) 18.78 %, d) 37.50 %

The pores with different sizes and shape, rounded and elongated are
observed. A light yellowish red shade appears on the surface of mortar
samples is attributed to the iron oxides and hydroxides present in cement
mortar composition. Moreover these oxi-hydroxides can migrated from the
corrosion products layer formed on the steel rebar.

Optical microscopy

The optical microscopy in polarized light performed on thin section
slices obtained from studied cement mortar allowed to identify and evidence
some textural aspects of samples.

From structural point of view, the samples consist of relatively small
aggregates (grain sizes ranged between 0-4 mm) embedded in a fine matrix
resulted by hydration reactions of cement compounds or reactions of waste
components with other compounds from system.
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Figure 6. Textural aspects of DO samples showing rounded aggregates consisting
of quartz, muscovite, quartzite, micaschists into an isotropic matrix.
(Left N+, right NII)

Figure 7. Textural aspects of D10 samples, showing a very fine
crystallized matrix having rounded pores infilled with iron hydroxides.
(Left N+, right NII)

The aggregates are mainly composed from sand with complex
composition consisting of fragments of minerals (quartz, muscovite, etc.) and
rocks, especially of metamorphic origin (quartzite, micaschists, and quarzitic
schists) (Figures 6 - 9). Some fragments of rocks from aggregate (Figures
6,7) show different degree of feldspar transformation into clay minerals. As
secondary minerals, iron hydroxides are also present.

Generally, the matrix is very fine grained and dominantly assists of
calcium silicate hydrates, calcite, and iron hydroxides. Gypsum and anhydrite
are very small in size and difficult to be identified into the thin section. In the
matrix are also developed spherical pores, sometime infilled with iron
hydroxides.
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Figure 8. Textural aspects of D25 samples with fine calcite crystals in the
matrix (left, N+). Iron hydroxides as irregular grain as well as developed as thin rim
on the surface of the aggregate (right NII)

Figure 9. Textural aspect of D50 samples, with fine crystallized calcite in the matrix
which is uniformly impregnated with iron hydroxides of brown color
(left N+, right NII)

Mineralogical composition of studied mortars

X-ray powder diffraction patterns were realized on mixtures of cement
mortar without and with calcium sulphate waste replacing the sand in various
percent, conform to Table 4.

The samples tested of corrosion attack were milled till microns size of
grains and the powders were investigated by X-ray powder diffraction. The
XRPD patterns of the experimented samples are presented in Figure 5.
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Figure 5. X-ray powder diffraction patterns of experimented samples. Qz — quartz,
Anh — anhydrite, Ms — muscovite, Gp — gypsum, Cal — calcite, CSH — calcium
silicate hydrate.

The X-ray powder diffraction reveals the mineral compounds in all
experimented mortar samples. In the etalon sample DO it was identified
quartz and muscovite provided mainly from sand, calcite and hydration
products of calcium silicates (CSH) with a low index of crystallinity and
different ratio Ca0:SiO2:H,O. Calcium aluminates, calcium aluminoferrites
and ettringite are in small quantities and difficult to be identified. In sample
D25 and D50 with a high content of calcium sulphate waste the specific
peaks of anhydrite and gypsum are present. These can explain due to the
present of anhydrite in waste composition. During the curing and corrosion
tests, in solution, the anhydrite is partially solubilized and the gypsum is
formed.
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The mechanical properties of experimented samples

Compressive strength of mortars

The compressive strength of parallelepiped specimens (40x40x160
mm) with different percent of calcium sulphate waste (CSW) was tested at
14, 28 and 90 days. The results are shown in Figure 10. It can see that the
compressive strength as expected decreases with the increase of CSW at all
term of testing. The lowest value of strength is obtained for sample D50. The
closest value of resistance compared with the etalon is for D10 sample.
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Figure 10. Compressive strength of the studied samples

Flexural strength of mortars

The flexural strength for all mortar compositions is shown in Figure 11.
As expected, the values of the flexural strength have a similar behaviour as in
compressive strenght case. The flexural strength values decrease with increasing
of calcium sulphate waste content in mortar composition. The D10 composition
can be considered appropiate for use in some applications (lower mechanical
resistance but higher corossion resistance).
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Figure 11. Flexural strength of the studied samples

CONCLUSIONS

In this study, waste materials provided from art manufacturing were
used as an aggregate into cement mortar. The chemical composition of waste
reveals a high content of CaO besides the SiO, and Al;O3. The main mineral
compounds evidenced by X-ray powder diffraction are quartz, calcium
sulphate anhydrous, and silimanite. In the cement mortar, hydration products
of calcium silicates (CSH) with a low index of crystallinity and different oxide
ratio Ca0:SiO2:H.O and calcite are identified. The anhidrite and gypsum
resulted from anhidrite solubilization are present in higher quantities in D25
and D50 samples than D10. Their presence drastically decreases the mechanical
resistance of these samples, more compressive strength. From textural point of
view, the samples consist of aggregates with grain sizes ranged between 0-4 mm
(quartz, muscovite) and rocks, especially of metamorphic origin (quartzite,
micaschists, and quartzitic schists) embedded in a fine matrix resulted by
hydration reactions of cement compounds or reactions of waste components
with other compounds from system.

Based on the electrochemical investigations (polarization and impedance
measurements) it can be concluded that, in case of addition 7.5 % CSW in
the mortar composition, the anticorrosion properties are improved.

The corrosion behavior of the rebar in mortar can be simulated with a
R((QR)(QR)) electric circuit.
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EXPERIMENTAL

The experimental mortar compositions contain as raw materials,
cement, sand and calcium sulphate waste, table 4. The cement proportion
was maintained in all the tested compositions (25 % wt). The DO sample is
the etalon mortar wich not contains waste and in the next three composition
(D10, D25 and D50) a part of sand was replaced by calcium sulphate waste
(7.5, 18.78 and 37.50 %wt). As a result, the calcium sulphate in D10
composition is about 1.76 %, in D25 about 4.41 % and in D50 about 8.83 %.

Table 4. Composition of studied samples

Sample Cement Sand Calcium sulphate waste [%)]
[%] [%]

Do 25 75 -
D1o 25 67.5 7.50
Da2s 25 56.22 18.78
Dso 25 37.50 37.50

The mortar samples were prepared in a laboratory cement mixer. The
sand and waste in the quantity according to the recipe were added and
homogenised ~30 seconds. Then the cement and water were added. The
mixing continues for another 90 seconds. The mixer is stoped for 90 seconds
and then it is restarted for 2 minutes. The final mixture is poured into metalic
moulds (40x40x1600mm) for mechanical tests. After 24 h the mortar
samples are released from the moulds and preserved in wet environment at
20 °C for 14 days, 28 days or 90 days.

The mechanical characteristics (compressive and flexural strength)
are investigated after these intervals on hydraulic press CONTROLS 50-
C66V2 in accordance with romanian standard SR EN 196-1.

The electrochemical characterization was performed by a PC -
controlled electrochemical analyzer PAR 2273 (Princeton Applied Research,
SUA) using an electrochemical cell (Figure 12) that contains three electrodes
platinum counter electrode, a reference electrode a K / KCI and as working
electrode a steel rebar, with an exposed area of 9.30 cm?. For electrical
contact, metal wires were attached.

The polarization curves were recorded in a potential range of £+ 20
mV (for R, determination) and of + 200 mV vs. the value of the open circuit
potential (for Tafel interpretation), with a scan rate of 10 mV / min. OCP was
measured during 1 hour.
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The impedance spectra were acquired in the frequency range 10 kHz
to 10 mHz at 10 points / decade with an AC voltage amplitude of £ 10 mV,
after the open circuit potential was carried out for 1 hour. The data were
interpreted on the basis of equivalent electrical circuits, using the ZSimpWin
V3.21 software for fitting the experimental data.

PC - controlled electrochemical
/ analyzer PAR 2273

working
?ﬁmde
Mortar ~_ F [
\\
N
platinum %
counter /
electrode 7
water J refer#ce
electrode

Figure 12. Electrochemical cell used for performing electrochemical
measurements

Before of the electrochemical tests, the samples were maintained in

water for 48 hours for the hydration of the mortar, in order to ensure conductivity
between the working electrodes, reference electrode and counter electrode.
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DFT STUDY OF THE TUBULAR SIZE EFFECTS ON THE
PROPERTIES OF ZIGZAG BORON NITRIDE NANOTUBES

FATEMEH SHEKHOLIA LAVASANI?, ABOLGHASEM SHAMELI"*,
EBRAHIM BALALI?

ABSTRACT. Density functional theory (DFT) studies were performed on
representative zigzag models of boron nitride nanotubes (BNNTs) with
different structural sizes. To achieve minimized-energy structures and their
properties, first, optimization calculations were performed at the B3LYP/6-
311G* theoretical level for all models. Subsequently, density of states
(DOS) plots, nuclear magnetic resonance (NMR) spectroscopy chemical
shielding, natural bonding orbital (NBQO) and nuclear quadrupole resonance
(NQR) spectroscopy parameters were calculated. The results indicated
that the values of energy gap, polarity and electrical charge detect the
effects of structural growth in diameter and length.

Keywords: Boron nitride; Nanotube; Density functional theory; Tubular
size

INTRODUCTION

Boron nitride nanotubes (BNNTs) are among those nanostructures
which are structurally analogues to carbon nanotubes (CNTs) but they show
different properties such as distinct electronic behavior [1-4]. Contrary to
CNTs, BNNTs are always wide gap semiconductors with the energy gap (Eg)
in the range of 4.5 to 4.9 eV, independently of tubular chirality, diameter and
number of walls. In addition, BNNTs also have high degree of radial flexibility
and high Young modulus, excellent mechanical properties, high thermal
conductivity, and high oxidation resistance [5-8].
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In this work, properties of (n,0) zigzag BNNTs (n=4-7) with various
lengths were investigated based on density functional theory (DFT)
calculations. To this aim, the optimized geometries, density of states (DOS),
nuclear magnetic resonance (NMR) chemical shielding, natural bonding orbital
(NBO) and nuclear quadrupole resonance (NQR) parameters were calculated
at the B3LYP/6-311G* level of DFT using the Gaussian 03 package.

RESULTS AND DISCUSSION

First, the model structures of (4,0), (5,0), (6,0) and (7,0) BNNTs with
various tubular lengths were optimized to obtain minimized-energy structures.
Based on the optimizations, bond lengths, bond angles, energies, dipole
moments, the highest occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO) were evaluated (Tables 1-3).

Table 1.0ptimized bond length of BNNTSs (4,0), (5,0), (6,0), (7,0)

BNNTS Bond BNNTS Bond BNNTS Bond BNNTS Bond
(4,0) Length (5,0) Length (6,0) Length (7,0) Length

(A%) (A%) (A% (A%

B1N2 1.48 B1N2 1.47 B1H43 1.19 B1H57 1.19
B1N3 1.48 B1N3 1.47 B1NG3 1.46 B1N100 1.46
B1H41 1.18 B1H61 1.18 B1N75 1.46 B1N109 1.46
N2B4 1.44 N2B6 1.45 B2N51 1.46 B2N108 1.46
N2B15 1.48 N2B19 1.47 B2N69 1.45 B2N109 1.45
N3B5 1.44 N3B4 1.45 B2N70 1.46 B2N117 1.46
N3B7 1.48 N3B7 1.47 B3N70 1.46 B3N99 1.46
B4N6 1.49 B4N5 1.47 B3N75 1.45 B3N100 1.45
B4N16 1.49 B4N10 1.47 B3N76 1.46 B3N108 1.46
BS5NG6 1.49 N5B6 1.47 B4H44 1.19 B4H58 1.19
B5N10 1.49 N5B26 1.44 B4N75 1.46 B4N91 1.46
N6B23 1.44 B6N20 1.47 B4N81 1.46 B4N100 1.46
B7N8 1.48 B7N8 1.47 B5N76 1.46 B5N86 1.46
B7H42 1.18 B7H62 1.18 B5N81 1.45 B5NO1 1.45
N8B9 1.44 N8B9 1.45 B5N82 1.46 B5SN99 1.46
N8B11 1.48 N8B11 1.47 B6H45 1.19 B6H59 1.19
BON10 1.49 BON10 1.47 B6N81 1.46 B6N85 1.46
BON14 1.49 BON14 1.47 B6N87 1.46 B6NO1 1.46
N10B21 1.44 N10B25 1.44 B7N82 1.46 B7N77 1.46
B11N12 1.48 B11N12 1.47 B7N87 1.45 B7N85 1.45
B11H43 1.18 B11H63 1.18 B7N89 1.46 B7N86 1.46

N40H48 1.02 NG6OH70 1.02 N59H60 1.01 N95H96 1.01
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Bond lengths are in the ranges of 1.44-1.48 A for B and N atoms and
in the ranges of 1.01-1.02 A for N and H atoms. Increasing the size of
BNNTSs, in terms of diameters and lengths, decrease the bond length of B-N
and N-H. The B-H bond lengths are between 1.18-1.19 A. Decreasing the
size of BNNTSs results in decreasing the B-H bond length.

Table 2 shows that the B-N-B and H-N-B bond angles are in the
range of 107.5°-119.5° and 108.9°-117.6°, respectively, in which the numbers
are increased to near maximum by increasing the size of nanotube. In
addition, the bond angle for H-B-N is 121.1°-122.4° approaching 122.4° by
decreasing the size of BNNTs ring. Dipole moments for nanotubes are
recorded between 1.68-7.3 Debye. Except BNNTs (4,0), the values are
increased by increasing the diameter of the nanotube ring. The energy of the
BNNTs was measured in a range of -43.5eV to -121.7 eV, in which the
stability of the BNNTSs are reasonably increased by the size of nanotubes.

Table 2. Optimized bond angles of BNNTs (4,0), (5,0), (6,0), (7,0)

BNNTS Bond BNNTS Bond BNNTS Bond BNNTS (7,0) Bond
(4,0) Angle (5,0) Angle (6,0) Angle Angle

N2B1N3 112.0 N2BIN3 1143 B1N69B2 118.7 H57B1N100  121.1
N2B1H41 1224 N2B1H61 121.7 B1N69B12 1141 H57B1N109 1211
N3B1H41 1224 N3B1H61 121.7 B2N69B12 118.6 B3N100B4 119.0
B1N2B4 116.2 B1IN2B6  117.9 B2N70B3  111.5 B20N101B21 114.3
B1N2B15 107.5 B1N2B19 111.3 B2N70B18 118.7 B20N101B23 119.0
B4N2B15  116.1  B6N2B19 1179 B3N70B18 118.7 B21N101B23 119.0
B1N3B5 116.1 B1N3B4  117.9 B19N71B20 1124 B34N102B35 114.3
B1N3B7 1075 B1IN3B7 1114 B19N71B30 118.5 B34N102B37 118.9
BSN3B7 116.2  B4N3B7 117.9 B20N71B30 118.5 B35N102B37 118.9
N2B4N6 119.3 N3B4N5  119.7 B31N72B32 112.3 B48N103B49 114.2
N2B4N16  119.3 N3B4N10 119.7 B31N72B42 118.7 B48N103B51 119.1
N6B4N16 1139 N5B4N10 1158 B32N72B42 118.7 B49N103B51 119.1
N3B5N6 119.3 B4N5B6  108.4 B29N73B30 112.3 B50N104B51 115.8
N3B5N10  119.3 B4N5B26 118.0 B29N73B32 118.4 B50N104H105 117.6
N6B5N10 1139 B6EN5B26 118.0 B30N73B32 118.4 B51N104H105 117.6
B4N6B5 103.3 N2B6N5 119.8 B17N74B18 1124 B36N106B37 114.3
B4N6B23  116.4 N2B6N20 119.7 B17N74B20 118.5 B36N106B49 118.9
B5N6B23  116.4 N5B6N20 1158 B18N74B20 118.5 B37N106B49 118.9
N3B7N8 112.0 N3B7N8 1142 B1IN75B3 118.6 B22N107B23 114.3
N3B7H42 1224 N3B7H62 121.7 B1N75B4 1141 B22N107B35 118.9
N8B7H42 1224 N8B7H62 121.7 B3N75B4  118.6 B23N107B35 119.0
B7N8B9 116.1 B7N8B9  117.9 B3N76B5 111.6 B2N108B3 113.5
B7N8B11 107.5 B7N8B11 1114 B3N76B17 118.8 B2N108B21 119.2

289



FATEMEH SHEKHOLIA LAVASANI, ABOLGHASEM SHAMELI, EBRAHIM BALALI

BNNTS Bond BNNTS Bond BNNTS Bond BNNTS (7,0) Bond
(4,0) Angle (5,0) Angle (6,0) Angle Angle

BON8B11 116.2 BON8B11 117.9 BS5N76B17 118.8 B3N108B21 119.2
N8BON10  119.3 N8BON10 119.7 B20N77B21 1124 B1N109B2 119.0
N8BON14  119.3 N8BON14 119.7 B20N77B29 118.5 B1N109B14  115.9
N2B1N3 112.0 N2BI1N3 1143 B1N69B2  118.7 B1N100B3 119.0
N2B1H41 1224 N2B1H61 121.7 B1N69B12 1141 B1N100B4 115.9
N3B1H41 1224 N3B1H61 121.7 B2N69B12 118.6 B3N100B4 119.0
B1N2B4 116.2 B1IN2B6  117.9 B2N70B3  111.5 B20N101B21 114.3
B1N2B15 107.5 B1N2B19 111.3 B2N70B18 118.7 B20N101B23 119.0
B4N2B15  116.1  B6N2B19 1179 B3N70B18 118.7 B21N101B23 119.0
B1N3B5 116.1 B1N3B4  117.9 B19N71B20 1124 B34N102B35 114.3
B1N3B7 1075 B1IN3B7 1114 B19N71B30 118.5 B34N102B37 118.9
BSN3B7 116.2  B4N3B7 117.9 B20N71B30 118.5 B35N102B37 118.9
N2B4N6 119.3 B51N6OH7 114.1 B31N72B32 112.3 B48N103B49 114.2
N2B4N16  119.3 B55N60H7 114.1 B37N55H56 117.2 B48N103B51 119.1
B37N39H47 108.9 N5B4N10 115.8 B32N72B42 118.7 B53N80H81 117.6
N3B5N6 119.3 B4N5B6  108.4 B29N73B30 112.3 B50N104B51 115.8

Table 3. Optimized physical properties of BNNTs (4,0), (5,0), (6,0), (7,0)

BNNTs E Dipole Moment HOMO LUMO Gap
(e.v) (debye) (e.v) (e.v) (e.v)
(7,0) -121701.905 7.3010 -6.51836248 -1.78265812 -4.73570436
(6,0) -91293.87084 5.4374 -6.55319384  -2.2613172  -4.29187664
(5,0) -65224.56566 1.6823 -6.41441264  -2.9769928  -3.43741984
(4,0) -43492.37267 6.5626 -6.63727892 -4.07200368 -2.56527524

HOMO and LUMO parameters and density of states (DOS)

Electronic density of states (DOS) of individual BNNTs are shown in Fig.1.
HOMO and LUMO parts are distinguished by the orbital distribution patterns.

The electronic properties of BNNTs are often characterized in terms of
their HOMO and LUMO energies and the corresponding energy gap (Eg in eV).
The distribution patterns of the frontier molecular orbitals (HOMO and LUMO) [9]
is shown in Fig. 1 and Table 3. Based on Fig. 1, the variance between HOMO
and LUMO in (4,0) BNNT is -2.56 eV, which is less than BNNT (6,0) and (7,0).
The ordering of energy gap in the four models were: Eg (4,0) <Eg (5,0) <Eg (6,0)
<Eg (7,0). Based on these results, we concluded that the electrical conductivity
was increased by decreasing the size of nanotube.
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Figure 1. Diagram of the DOS per energy for BNNT;

(4,0), (5,

0), (6,0) and (7,0) models

Natural bonding orbital (NBO)

For a deeper understanding of the interaction between adsorbent
surface and the adsorbate, the partial electronic charge densities were
calculated using NBO analysis [9, 10], which opens a better view for
discussing the atomic charge distributions (Table 4). In all these cases by
expanding the size of the nanotube, the electronic population of the models
increase and the maximum can be found in BNNTs (7,0).

v

Table 4. The NBO information for BNNT (4,0), (5,0), (6,0) and (7,0)

BNNTs Charge Core Valence Rydberg Total
7,0 0.00000 223.87871 461.24112 0.88017 686.00000
6,0 0.00000 167.90644  347.36740 0.72615 516.00000
5,0 0.00000 119.92988  249.45157 0.61855 370.00000
4,0 0.00000 79.94934 167.48747 0.56319 248.00000
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NUCLEAR MAGNETIC RESONANCE

Chemical shielding (CS) parameters in NMR were evaluated for the
optimized BNNTs. To calculate the CS tensors, the gauge included atomic
orbital (GIAO) approach was used [11]. The calculated CS tensors in
principal axes system (PAS) (033 > 022 > 011) were converted to measurable
CS NMR parameters, isotropic and anisotropic CS (Cs; and Csa) using Egs.
(1) and (2) [12, 13]. The evaluated NMR parameters are listed in Table 5.

Csi= (011 + 022 + 033)/3 (1)
Csa= 033 - (022 + 011)/2 (2)

The results show that the Cg values of optimized (4,0), (5,0), (6,0)
and (7,0) BNNTs for the B-H bonds are around 26 and 27 ppm while for the
N-H bonds are around 29 and 30 ppm. The isotropic and anisotropic
chemical shielding (Csi and Csa) parameters were calculated for the ''B, 'H
and "°N atoms present in the pristine structures. In addition, the tensors were
converted to the isotropic Cs (Csi) and the anisotropic Cs (Csa) parameters.
The Cg is the average value of the eigenvalues of the Cs tensors, (Eq.1),
and the orientation of the eigenvalues of the Cs tensors into the z-axis plays
a dominant role in determining the value of the Csa parameter, (Eq.2) [14].
These results show that due to the anisotropic effect, the hydrogen of B-H is
de-shielding while hydrogen of N-H is shielding.

Table 5 shows that the anisotropic values of B atoms are between
42-60 ppm, which could imply de-shielding effects and tendency to the
weaker magnetic fields.

Table 5. NMR parameter for BNNTSs (4,0), (5,0), (6,0), (7,0)

BNNTs 7,0 BNNTs 6,0
atom CSA Aniso- (O8] Isotro  atom CSA  Anisot- CSlI Isotropi
tropy -pic ropy c

B3 30.3 43.5 74.9 74.9 B2 11.5 46.2 73.1 73.1

B5 31.0 43.5 74.9 74.9 B7 11.5 46.1 73.0 73.0

B10 41.0 59.5 67.8 67.8 B19 8.4 44.7 71.8 71.8

B12 42.0 59.6 67.7 67.7 B22 8.4 44.7 71.8 71.8
B16 28.9 42.3 73.4 73.4 B31 9.4 44.9 72.4 724
N103 133.0 192.1 1247 1247 N9O  165.7 196.8 113.4 113.4
N124 138.3 196.4 122.0 122.0 N9 171.3 195.5 114.4 114.4
N125 138.3 196.8 121.3 1213  N92 163.8 194.9 115.3 115.3
N126 143.8  202.3 1211 1211 N93  166.1 191.7 118.2 118.2
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BNNTs 5,0 BNNTs 4,0
atom CSA Aniso- Ccsli Isotro  atom CSA Aniso- Csli Isotro-
tropy pic tropy pic

B21 37.9 49.4 68.1 68.1 B30 15.5 60.5 64.0 64.0
B52 43.5 50.5 72.3 72.3 B26 15.5 60.5 64.0 64.0
B54 434 50.5 72.3 72.3 B13 17.3 61.4 63.6 63.6
B55 15.3 54.5 67.6 67.6 B5 17.3 61.4 63.6 63.6
N36  157.9 193.3 102.6 1026 N32 130.9 134.9 73.3 73.3
N56 90.5 126.0 1265 1265 N10 183.0 193.5 77.8 77.8
N59 90.1 126.0 126.5 126.5 N3 37.1 2425 251 251
N27  155.6 192.6 102.6 1026 N16  183.0 193.5 77.8 77.8

However, the values of N atoms are between 126-250 ppm, which
could reveal the shielding effects and tendency to higher magnetic fields.

In other words, N and B atoms show positive and negative
anisotropic behaviors, respectively. That's why the B and N atoms were
observed in weaker and stronger magnetic fields, respectively.

NUCLEAR QUADRUPOLE RESONANCE

Nuclear quadrupole resonance (NQR) spectroscopy is among the
most important techniques to characterize the composition of chemical
structures. In contrast to NMR, the NQR analysis could be found in the
absence of magnetic field in nuclear conversion as a zero-filed technique. The
NQR resonance is a connection between electric field gradient (EFG) and
Nuclear quadrupole resonance in which the charge distribution occurred.
However, the EFG shows the location of nuclei in material in which the linked
valance electrons of the atoms are modified. NQR frequency shows the
absolute conversion of an element. This frequency in a composite or a crystal
is proportional to nuclear quadrupole resonance, nuclei properties and EFG of
neighbor nuclei.

The relation between results and the calculations could be investigated
using EFG tensors with the main axis of the system. The calculated EFG
tensors were converted to quadrupole coupling constants (Cq) and asymmetry
parameters (nq), which are directly measured by nuclear quadrupole resonance
(NQR) spectroscopy [15].

Using Egs.(3) and (4), the Cq and nq parameters could be found if
|gzzI<|awl<|gx|.- The standard quantity of the nuclear quadrupole momentum
Q [16] are listed in Table 6.

CQ: equzzh-1 (3)
Na=|(qxx- Ayy)/dz| (4)
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Table 6. NQR parameter for BNNTSs (4,0), (5,0), (6,0), (7,0)

atom BNNTs 4,0 atom BNNTs50 atom BNNTs6,0 atom BNNTs7,0

na Ca na cQ na Ca na Ca

B5 0.00 278 B1 000 278 B1 0.00 278 B1 0.00 2.78
B7 000 278 B4 000 278 B2 000 278 B3 000 278
B13 0.00 278 B13 000 278 B3 000 278 B4 0.00 278
B15 0.00 278 B15 000 278 B8 000 278 B8 0.00 278
B17 0.00 278 B26 000 278 B9 000 278 B9 0.00 278
B21 0.00 278 B34 000 278 B15 000 278 B10 0.00 278
B26 0.00 278 B42 000 278 B18 0.00 278 B11 0.00 278
B30 0.00 278 B51 0.00 278 B20 0.00 278 B17 0.00 278
B35 0.00 803 B52 000 278 B23 000 278 B18 0.00 278
B39 0.00 803 B54 000 278 B27 000 278 B20 0.00 278
average 0.00 3.19 0.00 278 0.00 278 0.00 278

Table 6 shows that, the values of nq for BNNTs are near zero while
for Cq average 2.78. In addition, the quadrupole momentum is mostly
constant and aligned in z-axis.

CONCLUSIONS

In this work, the properties of different boron nitride nanotubes with
zigzag chirality were investigated. The results show that by increasing the
size, in terms of diameters and lengths of the BNNTSs, the energy gap and
polarity increased and the hybridisation form becomes SP2. In NMR of the
BNNTS, the nitrogen atoms is shielding to the higher magnetic field and
boron atoms de-shielding to the lower magnetic field. However, in NBO
spectroscopy, by increasing the size of the nanotube, the electrical charge
increased. In addition, based on the NQR, the effect of the gradient of the
electrical field on nuclear quadrupole momentum for different size of the
BNNTs were mostly equal and no obvious changes were observed.

COMPUTATIONAL DETAIL

In this study, the structure of Boron Nitride nanotube (BNNT) (4,0)
(20 B, 20 N and 8 H atoms), BNNT (5, 0) (30 B, 30 N and 10 H atoms),
BNNT (6, 0) (42 B, 42 N and 12 H atoms) and BNNT (7, 0) (56 B, 56 N and
14 H atoms) were investigated. All atomic geometries of the Boron Nitride
nanotubes were firstly optimized at the B3LYP (exchange-correlation
functional and the 6-311G* level standard basis set) to reach the minimum

294



DFT STUDY OF THE TUBULAR SIZE EFFECTS ON THE PROPERTIES OF ZIGZAG BORON ...

energy structures with the optimized values of bond lengths and angles.
Figure 2 shows the graphical representation of the optimized geometry of
BNNT (7,0), drawn using Hyperchem and GaussView 5.0 software. Note that
the sizes of nanotubes were increased based on the proportionality of
diameter to length, in which one ring systems was added to increase either
diameter or length of nanotubes.

Figure 2. The optimized structure of BNNT (7,0)

Afterwards, the parameters of total energy, energy gap, dipole
moment, nuclear quadrupole resonance (NQR), nuclear magnetic resonance
spectroscopy (NMR) and Natural bond orbital analysis (NBO) were obtained
for the optimized structures by performing single point energy calculations at
the computational level of B3LYP. All calculations were performed using the
Gaussian 03 package. The results were summarized in Tables 1-6.
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ENTROPY PREDICTION OF BENZENE DERIVATIVES
USING TOPOLOGICAL INDICES

HOSSEIN HOSSEINI and FATEMEH SHAFIEI**

ABSTRACT. In this study, a QSPR study relating topological indices to the
entropy of 69 benzene derivatives is reported. The entropy values were
calculated at HF level of theory (6-31 G basis sets) by Gussian 98.

Multiple linear regression (MLR) provided good models with three to
seven independent variables. The best model obtained is based on three
descriptors: Randi¢, Wiener and Szeged topological indices

Keywords: Topological indices; benzene derivatives; QSPR; MLR method.

INTRODUCTION

One of the most important purposes in application of mathematical
and statistical methods is to find a relationship between molecular structure
and values of physical properties, chemical reactivity or biological activity. As
a result, quantitive structure-property relationship (QSPR) and quantitative
structure-activity (QSAR) studies have been promoted.

Topological indices (Tls), as molecular descriptors, are important tools
in QSPR/QSAR studies [1-11]. A topological index is a graph invariant number
calculated from a graph representing a molecule.

The physicochemical properties of compounds are important in many
fields, including pharmaceutics, chemistry, biochemistry and environmental
sciences. Property estimations can help to minimize time and cost in producing
new chemical materials with desired properties.

@ Department of Chemistry, Science Faculty, Arak Branch, Islamic Azad University, Arak, Iran
* Corresponding author: f-shafiei@iau-arak.ac.ir
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Predictive methods for estimating thermodynamic properties, such as
enthalpies of formation, Gibbs free energy and entropies of acyclic and
aromatic compounds, on the basis of fundamental concepts on molecular
structure have been reported [12].

Artificial Neural Networks were also used in developing QSPR models
for prediction of physicochemical properties [13-16].

Prediction of entropies and enthalpies of organic compounds by using
group contribution methods was also published [17-19]. Prediction of standard
absolute entropy (S29s K) of gaseous organic and inorganic compounds was
reported in [20, 21].

In thermodynamics, entropy (usual symbol S) is a measurement of
the randomness or disorder of a system.

In the present work, we developed QSPR models for entropy
estimation of benzene derivatives by describing the chemical structure by the
aid of topological indices. Benzene derivatives are used in a wide range of
technological applications.

Experimental data of benzene derivatives are often scarce, and at
this point, topological descriptors provide powerful tools for modeling and
extrapolating experimental data.

The main aim of this study is to illustrate the usefulness of topological
indices in QSPR study of entropy (S) of benzene derivatives. As far as we
are aware, this is the first QSPR study for prediction of benzene derivatives
entropies using topological indices.

METHODS

The entropy(S) of 69 benzene derivatives (benzene included) was
computed at the Hartree-Fock (HF) level of theory, using the ab initio 6-31G
basis sets. The benzene derivatives in this set have seven different substituents,
each substituent being present in at least six compounds. These substituents
are amino, bromo, chloro, hydroxyl, methyl, methoxyl and nitro groups. Studied
benzene derivatives and their entropy are listed in Table 1. To obtain an
appropriate QSPR model we used multiple linear regression (MLR) procedure,
by SPSS software, version 16, and backward stepwise regression was used
to construct the QSPR models.

For drawing the graphs of our results, we used the Microsoft Office
Excel — 2003 program.
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Table 1. Benzene derivatives and their entropy.

S S

Compounds (J/molK) Compounds (J/molK)

Bromobenzene 1 317.84 4-Methylphenol 36 349.83

Phenol 2 306.46 4-Methyl-3,5- 37 44505
dinitroaniline

1,2-Dichlorobenzene 3 334.59  1,3,5-Trichlorobenzene 38 356.02

3-Chlorotoluene 4 364.05 Benzene 39 262.97

1,3-Dihydroxybenzene 5 323.62 2-Nitrotoluene 40 367.64

3-Hydroxyanisol 6 358.77 1,4-Dinitrobenzene 41 388.62

4-Methyl-3-nitroaniline 7 394.75 2-Methyl-3,6- 42 44144
dinitroaniline

2,4-Dimethylphenol 8  379.11 2-Methyl-4,6- 43 44114
dinitrophenol

2,6-Dimethylphenol 9 368.01 2,5-Dinitrotoluene 44 425.34

3-Nitrotoluene 10 380.02 1,2-Dinitrobenzene 45 353.05

2,6-Dinitrotoluene 11 418.03 1,4-Dimethoxybenzene 46 41542

4-Methyl-2,6- 12 43481  2-Methyl-3-nitroaniline 47  393.15

dinitroaniline
SMehyk26- 13 43584  2-Methy-4-nitroaniine 48 390.79
dinitroaniline

5-Methyl-2,4- 14 452.06 4-Hydroxy-3- 49 38493
dinitroaniline nitroaniline

24-Dinitrotoluene 15 424.53 4Ghloro-3- 50  364.45
methylphenol

4-Nitrophenol 16 361.48 2,4,6-Tribromophenol 51 420.17

4-Chlorotoluene 17 361.72 2,4,6-Trinitrotoluene 52 374.01

2,4,6-Trichlorophenol 18 390.64 1.2,4,5- 53 385.01

Tetrachlorobenzene

Toluene 19 333.15 SMethyl-24-— 5 439,91
dinitroaniline

3-Methyl-6-nitroaniline 20  394.19 2-Methyl-3,5- 55  449.66
dinitroaniline

4-Methyl-2-nitroaniline 21 394.03 3,5-Dinitrotoluene 56 449.03

1,2,4-Trichlorobenzene 22 369.29 3,4-Dinitrotoluene 57 436.01

3,4-Dichlorotoluene 23 389.83 . 1.2.4- 58 390.65

Trimethylbenzene
2,4-Dichlorotoluene 24 371.03 2,4-Dinitrophenol 59 418.15
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S Compounds S
(J/molK) (J/molK)
Chlorobenzene 25 312.91 3,4-Dimethylphenol 60 366.28
1,3,5-Trinitrobenzene 26 454.21 2,4-Dichlorophenol 61 363.99
1,2,3,4-
Tetrachlorobenzene
2,3,4,5,6-
Pentachlorophenol
1,3-Dichlorobenzene 29 336.24  2-Methyl-5-nitroaniline 64 396.19
2-Chlorophenol 30 335.58 1,3-Dinitrobenzene 65 392.01

Compounds

27 388.74 1,2,3-Trichlorobenzene 62 361.73

28 440.69  2-Methyl-6-nitroaniline 63 385.42

3-Methylphenol 31 351.15 4-Nitrotoluene 66 386.01

2,3-Dinitrotoluene 32 426.83 1,2-Dimethylbenzene 67 337.67

1,4-Dimethylbenzene 33 340.90 2-Methylphenol 68 337.29
2,3,4,5-

34 416.02 1,4-Dichlorobenzene 69 330.48
Tetrachlorophenol

2,3,6-Trinitrotoluene 35 480.08

TOPOLOGICAL INDICES

A large number of topological indices Tis have been defined and used,
majority of them being calculated from the various matrices corresponding to
molecular graphs. The Adjacency matrix (A) and the Distance matrix (D) of
the molecular graph have been most widely used in the definition of
topological indices. The most used Tls are presented below.

Randi¢ index (1975), 1%x(G ), was introduced as the connectivity index
[22,23] and is defined as (1):

. 0.5
=D e, (ADAG)) (1)
where d(i) and d(j) are the valencies of the vertices i and j defining the edge

(7).
Wiener index (1947), W(G), can be defined by (2):

WOESWH L) @

where D(i,j) is the number of edges on the shortest path joining vertex i and
vertex j (i.e., the topological distance) in the graph [24].
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Hyper-Wiener index, WW(G), can be defined [25,26] as (3):

WW(G):%(Zd(u,v)+2(d(u,v))2) 3)

where d(u,v) denotes the distance between the vertices u and v in the graph
G and the summations run over all pairs of vertices of G.

Randi¢’s original definition (1993) [27] of the hyper-Wiener index is
applicable to trees only.

Wiener polarity index (1947), Wy(G), of G is the number of unordered
pairs of vertices (u,v) of G lying at distance 3 to each other. The Wiener
polarity index [28,29] is defined as (4):

WP (G) = {(u, v) | d(u,v)=3,u,ve V}. 4)

Balaban index (1982), J(G) of G was introduced in 1982 [30,31] as
one of the less degenerated indices. It calculates the average distance sum
connectivity index, according to eq.(5):

M
= 2all edges(Di Dj)-o.s -

where M is the number of the edges in G; and D; is the distance sum from
the vertex i to all the other vertices in G (i.e., the sum of all entries in the i
row of the distance matrix D).

The cyclomatic number pu=u (G) of a polycyclic graph G is equal to
the minimum number of edges that must be removed from G to transform it
to the related acyclic graph. For trees, u=0; for monocycles, p=1.

Harary number, H(G), was introduced in 1993 [32].This index is
defined by eq. (6)

H:%ii(lmm)

i=1 j=1 (6)

Within this paper, a version of this index is calculated from the inverse of the
squared elements of the distance matrix, according to eq.(7):

H== ST 37 (Dyy) 2 7)

where D;; is the entry in the distance matrix D.
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Szeged index, Sz(G), was introduced by Gutman [33,34] as (8):
SZV(G)=Ze ny (el G) nv(el G) (8)

nyl=n, (e | G) is the number of vertices of G whose distance to the
vertex v is smaller than the distance to the vertex u. Note that vertices
equidistant to u and v are not counted.

All the used topological indices were calculated in hydrogen
suppressed graphs. The descriptors were calculated with Chemicalize program
[35]. Seven topological indices tested in the present study are listed in Table 2.

STATISTICAL ANALYSIS

Structure-Property models (MLR models) are generated using the
multi linear regression procedure of SPSS, version 16. The entropy (S, J/mol
K) is used as the dependent variable and 1y, J, H, Sz, WW, W, and W
indices are used as the independent variables. The models are assessed
with r value (correlation coefficient), the r? (coefficient of determination), the
r>- adjusted, the s value (root of the mean square of errors), the F value
(Fischer statistic), the D value (Durbin-Watson) and the Sig (significant).

RESULTS AND DISCUSSION

Several linear QSPR models involving three to seven descriptors
were established and the strongest multivariable correlations were identified
by the backward method, with significant at the 0.05 level and regression
analysis of the SPSS program. In the first of this study we drown scattering
plots of S versus the seven topological indices (1y, J, H, Sz, WW, Wp, W).
Some of these plots are given in Figs. 1 to 3, respectively.

500
» 400 /
°
€ 300
>
Y 200

100

2.8 4.8 6.8

Randic index

Figure 1. Plot of the Randi¢ index (1y) versus entropy of 69 benzene derivatives.
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Figure 2. Plot of the Szeged index (Sz) versus entropy of 69 benzene derivatives.
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Figure 3. Plot of the Wiener (W) versus entropy of 69 benzene derivatives.

Table 2. Benzene derivatives and their topological indices, used in present study.

A x J H w Ww Wp Sz
1 3.39 1.82 12.92 42 71 5 78
2 3.39 1.82 12.92 42 71 5 78
3 3.80 2.28 16.17 60 106 8 106
4 3.79 2.23 16.08 61 110 7 108
5 3.79 2.23 16.08 61 110 7 108
6 4.33 1.98 19.15 88 176 9 146
7 5.11 2.25 26.67 148 315 14 232
8 4.20 2.09 19.53 84 160 10 144
9 4.22 2.15 19.67 82 151 11 140
10 4.70 2.32 22.73 117 245 11 186
11 6.04 2.40 34.60 234 545 19 348
12 6.43 2.70 39.02 282 669 21 420
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A x J H w Ww Wp Sz
13 6.45 2.72 39.13 281 667 22 418
14 6.43 2.65 38.83 287 698 21 430
15 6.02 2.33 34.30 240 576 18 360
16 4.70 2.26 22.60 120 262 11 192
17 3.79 2.19 16.03 62 115 7 110
18 4.61 2.49 23.28 110 215 13 184
19 3.39 1.82 12.92 42 71 5 78
20 5.11 2.22 26.60 150 327 14 236
21 5.11 2.25 26.67 148 315 14 232
22 4.20 2.09 19.53 84 160 10 144
23 4.20 2.09 19.53 84 160 10 144
24 4.20 2.09 19.53 84 160 10 144
25 3.39 1.82 12.92 42 71 5 78
26 6.91 2.46 42.60 354 906 21 516
27 4.63 2.52 23.37 109 211 14 182
28 5.46 2.76 31.60 174 357 21 282
29 3.79 2.23 16.08 61 110 7 108
30 3.80 2.28 16.17 60 106 8 106
31 3.79 2.23 16.08 61 110 7 108
32 6.04 2.47 34.83 228 511 19 336
33 3.79 2.19 16.03 62 115 7 110
34 5.04 2.39 27.32 140 281 17 230
35 7.36 2.83 47.97 405 1036 26 588
36 3.79 2.19 16.03 62 115 7 110
37 6.43 2.70 39.02 282 669 21 420
38 4.18 2.08 19.50 84 159 9 144
39 3.00 2.00 10.00 27 42 3 54
40 4.72 2.40 22.90 114 231 12 180
41 5.61 2.30 20.74 206 521 15 314
42 6.45 2.64 38.87 289 717 22 434
43 6.43 2.66 3.85 286 691 21 428
44 6.02 2.28 34.14 246 616 18 372
45 5.63 2.54 30.43 188 416 16 278
46 4.86 2.17 2224 125 287 11 200
47 5.13 2.28 26.80 146 306 15 228
48 5.11 2.18 26.50 152 337 14 240
49 5.11 2.25 26.67 148 315 14 232
50 4.20 2.09 19.53 84 160 10 144
51 4.61 2.49 23.28 110 215 13 184
52 7.34 2.80 47.72 408 1044 25 594
53 4.61 2.46 23.23 111 220 13 186
54 6.45 2.72 39.13 281 667 22 418
55 6.43 2.66 38.85 286 691 21 428
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A x J H w Ww Wp Sz
56 6.00 2.33 34.23 240 573 17 360
57 6.02 240 34.53 234 542 18 348
58 4.20 2.09 19.53 84 160 10 144
59 6.02 2.33 34.3 240 576 18 360
60 4.20 2.09 19.53 84 160 10 144
61 4.20 2.09 19.53 84 160 10 144
62 4.22 2.15 19.67 82 151 11 140
63 5.13 2.28 26.8 146 306 15 228
64 5.11 2.18 26.5 152 337 14 240
65 5.61 2.40 30.02 197 464 15 296
66 4.70 2.26 226 120 262 11 192
67 3.80 2.28 16.17 60 106 8 106
68 3.80 2.28 16.17 60 106 8 106
69 3.79 2.19 16.03 62 115 7 110

Distribution of the dependent variable against the independent variable
for 69 chemicals was employed in developing quantitative structure- properties
relationships. For obtaining appropriate QSPR models we used maximum R?
method and followed backward regression analysis. The predictive ability of
the model is discussed on the basis of predictive correlation coefficient.

QSPR MODELS FOR ENTROPY (S)

Initial regression analysis indicated that combination of seven
topological indices plays a dominating role in modeling the entropy. Table 3
provides the regression parameters and quality of correlation of the proposed
models for entropy of 69 benzene derivatives.

Table 3. Statistics of models calculated with SPSS software

Model Independent variables r r? razdj s F Sig

1 Sz, J, H, Wp, 1x, WW, W  0.929 0.864 0.848 16.691 55.222 0.000

2 Sz, J, Wp, 1x, WW, W 0.929 0.864 0.850 16.559 65.454 0.000
3 Sz, Wp, 1x, WW, W 0.929 0.862 0.851 16.510 78.879 0.000
4 Sz, 1x, Wp, W 0.927 0.860 0.851 16.518 98.244 0.000
5 Sz, 1, W 0.927 0.859 0.853 16.430 132.299 0.000
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The best linear model contains three topological descriptors, namely,
Randi¢ (1y), Wiener (W) and Szeged (Sz) indices.

The regression parameters of the best three descriptor correlation
model are gathered in equation 9.

S=70.258+59.966X+2.748S2-4.163W 9)

r=0.927 ; ?=0.859 ; r,,; =0.859 ;

$=16.430; D=2.033;
F=132.299 ; mean square = 269.936

This model produced a standard error of 16.430 J mol' K' a
correlation coefficient of 0.927, and the adjusted correlation coefficient (adjusted
r-squared) was calculated as 0.859.

The result is therefore very satisfactory. Figure 4 shows the linear
correlation between the observed and the predicted entropy values obtained
using equation (9).

600
500
400
300

200 predicted

100 Observed
0
0 20 40 60 80

Figure 4. Comparison between the predicted and
observed entropy by MLR method (cf. eq. 9)

The DURBIN-WATSON STATISTIC

To verify and validate the regression models, we will focus on the
Durbin-Watson (D) statistic, unstandardized predicted and residual values.

The Durbin-Watson statistic ranges in value from 0 to 4. A value
near 2 indicates non-autocorrelation; a value toward O indicates positive
autocorrelation; a value toward 4 indicates negative autocorrelation. Therefore
the value of Durbin-Watson statistic is close to 2 if the errors are uncorrelated.
In our model, the value of Durbin-Watson statistic for model 5 is close to 2
(See Eq. 9) hence the errors are uncorrelated.
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RESIDUAL VA

LUES

The residual values of entropy expressed by equation (9) are shown
in Table 4. The residual values show a fairly random pattern (see Figure 5).
This random pattern indicates that a linear model provides a decent fit to

the data.
60 -
40
o 20 -
‘==° 0 T TV 4T 4E 4B 6 T 1
% -20250 300 350 400 450 500
%40 -
-60 -
_80 J
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Figure 5. Plot of residuals against observed values of
benzene derivatives entropy (S).
Table 4. Entropy (S) data of benzene derivatives.
No. Observed Predicted Residual | No. Observed Predicted Residual
S(J/molK)  S(J/molK) S(J/molK)  S(J/molK)
1 317.835 313.051 4.784 36 349.828 341.718 8.110
2 306.457 313.051 -6.594 37 445053  436.089 8.964
3 334.588 339.651 -5.063 38 356.019 366.955 -10.936
4 364.048 340.385  23.663 39 262968  286.154 -23.186
5 323.616 340.385 -16.769 | 40 367.639 373.379 -5.740
6 358.773 364.794 -6.021 41 388.619  412.003 -23.384
7  394.751 398.127 -3.376 42  441.441 446.622 -5.181
8 379.109 368.154 10.955 43 441136 441422 -0.286
9 368.007 366.687 1.320 44 425335  429.461 -4.126
10 380.017 376.180 3.837 45 353.047 389.203 -36.156
11 418.029  414.661 3.368 46 415.421 390.944 24.477
12 434.807  436.089 -1.282 47 393.149 396.660 -3.511
13 435840 435955 -0.115 48 390.792  403.460 -12.668
14 452.059  442.756 9.303 49 384.928 398.127 -13.199
15 424529  421.461 3.068 50 364.454 368.154 -3.700
16 361.482 380.180 -18.698 | 51 420.165 394.428 25.737
17 361.720 341.718 20.002 52 374.009  444.296 -70.287
18 390.637 394.428 -3.791 53 385.007 395.761 -10.754
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No. Observed Predicted Residual | No. Observed Predicted Residual
S(J/molK)  S(J/molK) S(J/molK)  S(J/molK)

19 333.154 313.051 20.103 54 439.912 435.955 3.957
20 394.186 400.794 -6.608 55 449.659  441.422 8.237
21 394.032 398.127 -4.095 56 449.028  420.262 28.766
22 369.290 368.154 1.136 57 436.007 413.461 22.546
23 389.827 368.154 21.673 58 390.650 368.154 22.496
24 371.033 368.154 2.879 59 418.150 421.461 -3.311
25 312911 313.051 -0.140 60 366.281 368.154 -1.873
26 454.207 428.958 25.249 61 363.994 368.154 -4.160
27 388.735 394.294 -5.559 62 361.725 366.687 -4.962
28 440.693 448.284 -7.591 63 385417 396.660 -11.243
29 336.239 340.385 -4.146 64 396.188  403.460 -7.272
30 335.579 339.651 -4.072 65 392.008  400.003 -7.995
31 351.149 340.385 10.764 66 386.006 380.180 5.826
32 426.832 406.661 20171 67 337.673 339.651 -1.978
33 340.904 341.718 -0.814 68 337.288 339.651 -2.363
34 416.018 421.738 -5.720 69 330.475 341.718 -11.243
35 480.077 441.495 38.582

CONCLUSIONS

In this work, QSPR models for the prediction of entropy for a training
set of benzene derivatives using MLR based on topological descriptors
calculated from molecular structure have been developed. MLR model is
proved to be a useful tool in the prediction of entropy. The aforementioned
results and discussion lead us to conclude that combining the three descriptors
(Sz, W, 1y) could be used successfully for modeling and predicting entropy (S)
of compounds. This model contains fewer topological descriptors, maximum of
Fischer statistic value (F) and minimum root of the mean square of errors(s).
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IMPACT OF THERMAL TREATMENT ON THE
ANTIOXIDANT ACTIVITY OF
CORNELIAN CHERRIES EXTRACT

BIANCA MOLDOVAN?, LUMINITA DAVID®*, SORIN CLAUDIU MAN®

ABSTRACT. The present study aims to investigate the influence of the
temperature on the radical scavenging capacity (measured by the 2, 2-
azinobis (3-ethylbenzothiazolyne-6-sulphonic acid) diammonium salt radical
cation assay) and ferric reducing antioxidant power (FRAP) of Cornelian
cherry fruit extract. The impact of the thermal treatment was investigated by
monitoring these parameters at 75°C and comparing the obtained values to
those resulted by refrigerated storage of the extract. The Cornelian Cherry
extract showed a great stability of the antioxidant activity after 10 days of
storage at 75°C (ca. 29% loss of antioxidant capacity).

Keywords: Cornelian cherries, antioxidant activity, thermal stability

INTRODUCTION

The beneficial biological effects of plant-derived nutrients are well
indicated by their antioxidant properties. Phytochemicals from fruits and
vegetables attracted lately a great attention, especially on their ability in
preventing oxidative stress caused diseases such as heart and neurodegene-
rative illnesses, cancer, arthritis [1, 2]. Cornelian cherries (Cornus mas L.) can
be a valuable source of antioxidant compounds and their consumption may
reduce the risk of several degenerative diseases. The main phytochemicals
acting as antioxidants and free radical scavengers in these fruits are: ascorbic
acid, anthocyanins, flavonoids and other polyphenols [3]. Cornelian cherries
can be consumed fresh, dried or processed as marmalades or beverages.
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The most extensively used method in the food processing is thermal
treatment. The microbiological stability and the extent of shelf-life can be
achieved by this method. Thermal processing may affect the antioxidant
capacity of foods. Some studies mentioned the decrease of this parameter
where others have reported an increase of the antioxidant activity after
thermal treatment [4, 5]. The health promoting capacity of fruits is therefore
affected by their processing history. Processing, especially thermal, is
expected to affect the content and the biological activities of the bioactive
components in fruits. Although the thermal degradation of Cornelian cherries’
polyphenols was already investigated [6, 7] there is no study reporting the
influence of the temperature on the stability of the antioxidant capacity of
these fruits. There is well known that the total phenolic content is not
necessarily correlated to the antioxidant activity and the thermal processing
can different affect these two parameters which may vary in opposite ways.
By investigating the effect of thermal treatment on cactus pears, Jaramillo-
Flores et al. [8] reported a significant decrease in the total phenolic content at
high temperatures but an increase of the antioxidant activity. This fact can be
due to the presence of other antioxidant phytocompounds such as ascorbic
acid and carotenoids. The reduction in phenolic content could not always
fully predict the reduction in the antioxidant activity. Thus, the objective of this
study was to investigate the effect of heating on the free radical scavenging
effectiveness and reducing ability of the Cornelian cherry fruits extract.

RESULTS AND DISCUSSION

Cornelian cherry (Cornus mas L.) fruits are known for their elevated
antioxidant activity, characteristic related to the presence of anthocyanins,
flavonoids and other phenolic compounds [9]. That's why these less consumed
fruits may be considered a valuable source of antioxidant compounds in the
diet.

As the antioxidant capacity of fruit extracts strongly depends on the
kind of individual antioxidants present in the sample, more than one assay is
recommended to be used for the determination of the total antioxidant
capacity of these samples. Different methods have been reported to be used
for the evaluation of the in vitro antioxidant capacity of fruits of which ABTS,
FRAP, DPPH, PRAP and ORAC are the most widely used [10, 11]. It is
recommended that at least two of these assays to be combined in order to
provide complet information on the total antioxidant activity of natural
samples. FRAP (ferric reducing antioxidant power) assay and ABTS (2,2-
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azinobis(3-ethylbenzothiazolyne-6-sulphonic acid diammonium salt) assays
have been lately widely applied to analyse the Trolox equivalent antioxidant
capacity (TEAC) of different fruits. The determined values for the antioxidant
activity were 9684.62 uM Trolox and 8982.20 uM Trolox in Cornelian cherries
extract as determined by ABTS and FRAP assay [12] respectively. These
methods are based on different mechanisms for assessing the antioxidant
capacity of samples. The ABTS assay measures the free radical scavenging
capacity of antioxidant compounds, while the FRAP assay indicates the
ability of these compounds to act as reducing agents. The ABTS and FRAP
assays use different techniques for measuring the antioxidant capacity of a
sample namely the reduction capacity (FRAP) and the diradical inhibition
(ABTS). The two methods offered comparable information on the measured
TEAC of Cornelian cherry fruits.

Figure 1 presents changes in the antioxidant activity of the investigated
extracts during storage at 2°C and 75°C, measured by ABTS and FRAP
assays.

ABTS assay indicated a ca. 10% reduction of the antioxidant capacity
of Cornelian cherry fruits extract after 60 days of cold storage (2°C, Figure
1a). The FRAP values also declined upon refrigerated storage, but the
changes were higher as compared to the ABTS assay. At the end of the
storage the antioxidant activity evaluated by the FRAP assay was reduced
by 17%.

Storage at 75°C (Figure 1b) resulted in a higher loss of the antioxidant
capacity of the extracts. After 10 days of storage, both methods indicated a ca.
29% decrease of the antioxidant activity of the investigated extracts.
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Figure 1. Changes in the antioxidant activity of the Cornelian cherries extracts
during storage at: a) 2°C and b) 75°C
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Regardless of storage temperature, the Cornelian cherry fruits extracts
showed good storage stability in terms of the antioxidant capacity, as evaluated
by both assays. These observations are in accordance with the findings of
other authors who confirmed the storage stability of antioxidant capacity of
other fruits such as blueberry, apricots, pomegranate plums and raspberry
[13-16]. The measured values of the antioxidant capacity strongly fluctuated
during the storage periods according to both applied analytical methods. This
behavior can be explained by various reactions that may occur. The reduction
of the antioxidant activity may be due to degradation of water soluble phenolic
compounds such as anthocyanins and vitamin C [6, 17]. The increase of the
antioxidant activity was not at all surprising, as also reported by other studies
[18-20] and can be explained by compounds generated during Maillard reaction
and also by formation of procyanidins, low molecular polymers with antioxidant
activity or by generation of other degradation products of anthocyanins or
phenolic acids, compounds which also present antioxidant capacity [21, 22].

Overall, the in vitro assays demonstrated that antioxidant capacity of
Cornelian cherry fruits extract slightly decreased after the investigated
storage intervals.

CONCLUSIONS

Cornelian cherry fruits are more and more investigated due to their
high content of antioxidants phytocompounds which confer them numerous
health benefits. The aim of the present study was to investigate the influence
of temperature on the antioxidant capacity of these fruits during storage.
In order to achieve this goal, the fruit extracts were stored at 75°C for 10
days. The decrease in the antioxidant activity observed during this storage
period was not significant compared to refrigerated storage indicating that
thermal treatments which are often applied in food processing and storage
does not dramatically influence the health promoting antioxidant capacity of
these fruits.

EXPERIMENTAL SECTION
Chemicals and reagents

All chemicals and reagents were purchased from Merck (Darmstadt,
Germany), were of analytical grade and were used without further purification.
A TYPDP1500 Water distiller (Techosklo LTD, Drzkov, Czech Republic) was
used to obtain the distilled water.
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Plant material

Samples of Cornelian cherries were purchased in August 2016 from
a local market in Cluj-Napoca, Romania. Fruits of uniform ripening stage,
shape and weight were selected, washed with distilled water and used to
obtain the fruit extract.

Extract preparation

The extraction procedure was conducted as described in previous
studies [9]. Milled Cornelian cherry fruits were subjected to acetone
extraction. The extraction was conducted at room temperature for 1 hour.
The solution was filtered and the filtrate was concentrated to a solvent free
extract using a rotary evaporator. The extract was divided into two portions:
the first was stored at 2°C for 60 days and the second was stored in a
thermostatic water bath preheated at 75°C, in order to investigate the effect
of thermal treatment on the antioxidant activity of the samples. Changes in
the antioxidant capacity of the samples were analyzed by measuring this
parameter at different time intervals.

Determination of antioxidant activity

1. ABTS Assay

ABTS radical cation scavenging ability of the fruit extract was assessed
by the method proposed by Arnao et al. [23]. Two stock solutions were
prepared as follows: a 7.4 mM ABTS and a 2.45 mM potassium persulfate
solution in distilled water. The ABTS+-was activated by mixing equal volumes
of the two stock solutions which were then allowed to react for 24 h in the
dark at room temperature. The obtained solution was diluted with distilled
water to obtain an absorbance of 0.8-0.9 at 734 nm. An amount of 100 pL
Cornelian cherry fruit extract (128 fold diluted) was allowed to react with 6mL
diluted ABTS solution for 15 minutes in the dark. Using a Perkin Elmer
Lambda 25 double beam UV-Vis spectrophotometer (Perkin EImer, Shelton,
CT, USA) the absorbance of the samples and the blank was read at 734 nm.
A calibration curve was used to express the antioxidant activity of the
investigated samples in umol Trolox equivalents/L extract.

2. FRAP Assay

The ferric reducing antioxidant power (FRAP) assay was performed
using the method of Benzie and Strain [24]. Stock solutions of 300 mM
acetate buffer (pH= 3.6), 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) solution in
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40 mM HCI and 20 mM FeCls-6H20 solution in distilled water were prepared.
The working FRAP reagent was freshly prepared for each measurement of
the antioxidant activity as follows: 2.5 mL TPTZ solution were mixed with 25
mL acetate buffer solution and 2.5 mL FeCls-6H20 solution and the
resulting mixture was warmed to 37°C before use. A total of 150 uL fruit
extract was allowed to react to 2850 uL warm FRAP reagent for 30 minutes
in the dark. Absorbance reading of the resulted colored complex was taken
at 593 nm against a blank sample. The results were expressed in umol
Trolox equivalents/L extract, using a standard curve.
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INCREASED CHEMICAL STABILITY OF BACILLUS
LICHENIFORMIS o.-AMYLASE UPON ACETYLATION
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ABSTRACT. Acetylated derivative (47%) of Bacillus licheniformis a-amylase
(BLA) was prepared using acetic anhydride and its molecular properties
including chemical stability were studied with the help of CD spectroscopy,
analytical gel filtration and enzymatic activity measurements. Acetylated BLA
preparation was found homogeneous with respect to charge and size based
on electrophoretic and chromatographic results. Expansion in the molecular
size of the modified BLA was evident from the decrease in its elution volume
on Superdex 200 column as well as Stokes radius determination. Near-UV
CD spectra suggested significant change in the tertiary structure of the
acetylated BLA, whereas secondary structures remained unaltered, as judged
from the far-UV CD spectra. Acetylated BLA displayed greater chemical stability
against urea denaturation as revealed by the increase in the mid-point (Cm) of
the denaturation curve and significant retention of biological activity at different
urea concentrations. These results indicated greater conformational stability
of acetylated BLA in the presence of urea.

Keywords: Bacillus licheniformis a-amylase, acetylation, chemical stability,
urea denaturation

INTRODUCTION

The native structure of a protein is generally stabilized by different
noncovalent forces, which include hydrogen bonds, ionic, van der Waals and
hydrophobic interactions [1, 2]. Any minor structural change in the protein
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molecule may affect its functions. Protein surface contributes significantly towards
maintaining the native conformation of a protein through its interaction with the
surrounding medium. The operational conditions of many industrial processes
may lead to the exposure of proteins / enzymes to various environmental factors,
such as pH, temperature, pressure and solvent composition (salts, alkali and
denaturants), which are known to disrupt the native protein conformation [3].
Therefore, increasing protein stability of various industrial enzymes has become
an important issue in biotechnology in order to make the industrial processes
economical.

Several factors contribute toward high thermostability of enzymes, which
include electrostatic interactions, metal binding sites, core hydrophobicity, high
packing density etc. Protein mutants (neutral) of charged amino acid residues or
charged mutants of neutral amino acids have been found to exhibit either higher
or lower stability [4, 5]. For example, Miki et al. have reported destabilization of
cytochrome c¢ by partial charge neutralization [6]. On the other hand, replacement
of two positively-charged residues (K139 and K207) in E. coli L-asparaginase
with neutral and negative charge substitutions (K139A, K207A, K139D, K207D)
has been shown to produce stable enzyme with greater resistance against heat
compared to wild type [4]. A few ribonuclease Sa mutants such as Asp49—His,
Asp25—Lys and Gly14—Lys have shown greater stability than the wild type [5].
Enzymatic activities of thermolysin mutants, S53D and S65D have been found
78% and 68%, respectively, higher than the wild type enzyme [7]. Chemical
modification of lysine residues has also yielded negatively-charged enzymes
with greater thermostability and enzymatic activity [8]. Different lysine-modified
horseradish peroxidase preparations have shown greater stability in urea and
dimethyl sulfoxide solutions as well as higher thermal stability [9, 10]. Lysine-
modified papain has also shown increased catalytic activity and stability than
native papain [11].

o-Amylases form an important group of enzymes due to their use (starch
hydrolysis) in the initial stages of various industrial processes [12]. Among
various a-amylases, Bacillus licheniformis a-amylase (BLA) has remained the
enzyme of choice in many industries due to its high thermostability [13]. It
consists of 483 amino acid residues [14], distributed in the form of three
domains, namely, ‘A’, ‘B’ and ‘C’ [15]. Domain ‘B’ is characterized by the presence
of two calcium binding sites, while the third calcium binding site is located at
the interface of domains ‘A’ and ‘C’ [16]. Presence of calcium at the binding
sites of this enzyme contributes significantly toward stabilization of its structure
and increased enzymatic activity [17-19]. A few salt bridges present in BLA are
also believed to be responsible for high thermostability of the enzyme [16]. A
previous report has shown production of highly negatively-charged variants of
BLA through acetylation, which were found active, thermostable and more
resistant towards irreversible inactivation [8]. However, data about the influence of
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acetylation on the conformational stability of BLA against urea is lacking. Here,
we present our results on the production of acetylated BLA derivative with
increased chemical stability.

RESULTS AND DISCUSSION
Acetylation of BLA

Modified amino groups in a protein are usually determined by TNBSA
assay [20]. Any decrease in the color intensity at 335 nm of the yellow-
colored trinitrophenyl derivatives formed from the reaction of TNBSA with the
protein’s amino groups indicates amino groups’ modification. Figure 1 shows
results of TNBSA color reaction obtained with native and acetylated (treated
with 20-fold molar excess of acetic anhydride) BLAs. Increase in the protein
concentration for both native and acetylated BLAs produced a linear increase
in the absorbance at 335 nm (Abssssnm). However, acetylated BLA showed
reduction in the slope value compared to the native BLA, indicating lesser
intensity of the ftrinitrophenyl derivatives. This loss in the color yield
suggested modification of the amino groups of BLA. The linear plots obtained
with native and acetylated BLAs (Figure 1) obeyed the following straight line
equations (1) and (2), respectively.

Abs3zzsnm = 2.29 X Amount of protein (mg) + 0.032 (1
Abszssnm = 1.22 X Amount of protein (mg) + 0.035 (2)
03} N
_02f .
t’l)g -~
=
0.1r
0.0 d L
0.0 0.1 0.2

Amount of protein (mg)

Figure 1. Determination of TNBSA color reaction of native, ‘N’ BLA (@) and
acetylated, ‘A’ BLA (O). The least squares analysis was used to draw the straight
lines. Insert shows electrophoretogram of native, ‘N’ and acetylated,

‘A’ BLAs on 10% polyacrylamide gel. Arrow indicates the position
of the bromophenol blue as a tracking dye marker.
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The percentage of maodification in the acetylated BLA was found to be
~47%, as determined from the TNBSA plots of native and acetylated BLAs
(Fig. 1). This yielded the number of the modified amino groups in 47%
acetylated BLA as 14 based on the presence of 1 a-amino and 28 g-amino
groups in BLA [16].

Electrophoretic results of the native and acetylated BLAs on 10%
polyacrylamide gel showed charge homogeneity due to the presence of a
single major band (inset of Fig. 1). However, acetylated BLA moved with
higher relative mobility (0.23) compared to 0.10 obtained with native BLA.
Such increase in the relative mobility of acetylated BLA seems to be
understandable as acetylation neutralized some of the positive charges in
the protein [21]. These results agreed well with a previous report on
carbamylation of BLA, where the modified protein showed higher mobility
due to neutralization of positive charges of amino groups [22]. However, the
value of relative mobility obtained with acetylated BLA was found lesser
than that obtained with carbamylated BLA [22]. Since, carbamylated BLA
had 81% modification, the net negative charge would have been higher
than the acetylated BLA with 47% modification. The elution profiles of native
and acetylated BLA preparations on a Superdex 200 column also showed a
single symmetrical peak, which was suggestive of size homogeneity of these
preparations (Fig. 2).

150

100

Abs,, (mAU)

50

50 7.5 100
Elution volume (ml)

Figure 2. Elution profiles of native (—) and acetylated () BLAs on Superdex 200
column (0.8 x 53.5 cm) equilibrated with 20 mM Tris-HCI buffer, pH 7.0.
Protein samples (2 mg/mL) were injected through the injection valve and eluted
at a flow rate of 0.5 mL/min. Arrows (1-5) indicate the position of

different standard proteins: 1. p-amylase; 2. alcohol dehydrogenase;
3. BSA; 4. carbonic anhydrase and 5. myoglobin.
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Conformational Changes in Acetylated BLA

Stokes radii and CD spectral measurements were made to study
conformational changes in BLA upon acetylation.

Stokes Radii

Stokes radii of native and acetylated BLAs were determined on a
calibrated Superdex 200 column (0.8 x 53.5 cm) in 20 mM Tris-HCI buffer,
pH 7.0. The elution profiles of native (N) and acetylated (A) BLAs are shown
in Figure 2. The peak positions of various standard proteins viz. -amylase,
alcohol dehydrogenase, BSA, carbonic anhydrase and myoglobin on the
same column are indicated by arrows 1-5. The void volume and the inner
volume of the column were found to be 40.66 and 110.38 mL, respectively.
Table 1 shows the values of the elution volume (V) of different standard
proteins along with native and acetylated BLAs. As shown in Figure 2 and
Table 1, acetylated BLA eluted earlier (Ve = 74.71 mL) than the native BLA
(Ve = 82.03 mL), suggesting increase in the hydrodynamic volume of the
acetylated BLA [23, 24]. Further analysis of these elution profiles was made
by transforming elution volumes of the native and acetylated BLAs as well as
marker proteins into Ky and Ka values [25] (Table 1). These values were
then treated according to the methods of Ackers [26] and Laurent and
Killander [27] (columns 5 and 6 in Table 1). Linear plots obtained by these
treatments (Figures 3A and B) followed equations (3) and (4), respectively.

Stokes radius (nm) =7.06 X erfc' Ky —2.22 (3)

(—log Kav)'? = 0.11 X Stokes radius (nm) + 0.23 4)

Table 1. Analytical gel filtration data of various marker proteins, native and
acetylated BLAs on Superdex 200 column (0.8 x 53.5 cm) at pH 7.0.

Proteins Ve (mL)| Ka Kav |erfc™ Ka| (—log Kav) "2 |Stokes radius (nm)
B-Amylase 54.35 |0.127| 0.196 | 1.078 0.841 54
Alconol 50.95 0.179| 0.278 | 0.963 |  0.746 46
dehydrogenase

BSA 66.34 |0.239| 0.368 | 0.833 0.659 3.6
Carbonic 7826 |0.349| 0.539 | 0.665 | 0.518 2.4
anhydrase
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Proteins Ve (mL)| Ka Kav |erfc™ Ka| (—log Kav) "2 |Stokes radius (nm)
Myoglobin 86.98 |0.430| 0.664 | 0.560 0.421 1.8
Native BLA 82.03 |0.384| 0.593 | 0.617 0.476 2.13 (Eq. 3)] 213
2.14 (Eq. 4)
Acetylated BLA| 74.71 |0.316| 0.488 | 0.709 0.558 2.78 (Eq. 3)] 282
2.86 (Eq. 4)
6 1.00
y=7.06x - 2.22 A y=011x+023 L
(R?=0.9985) (R2=0.9929)
T 4t {0.75
s S
g 0
5 ¥
.h %ﬂ
g 2t {050 T
2
wn
0 - - - 0.25
0.50 0.75 1.00 125 0 2 4 6
erfc’ Kd Stokes' radius (nm)

Figure 3. Stokes radii determination of native, ‘N’ and acetylated, ‘A’ BLAs
according to the method of (A) Ackers [26] and (B) Laurent and Killander [27].
Numbers 1-5 refer to various standard proteins as 1. B-amylase; 2. alcohol
dehydrogenase; 3. BSA; 4. carbonic anhydrase and 5. myoglobin. The least
squares analysis was used to draw the straight lines.

Stokes radii of native and acetylated BLAs, obtained from equations
(3) and (4) together with their mean values are listed in the last column of
Table 1. The value of the Stokes radius of native BLA (2.13 nm), as determined
by Superdex 200 gel filtration was found much smaller compared to the
Stokes radius value (3.20 nm), obtained by dynamic light scattering [17]. Such
a lower value of the Stokes radius can be ascribed to the interaction of the
enzyme with various gel matrices [28]. Irrespective of this difference, acetylated
BLA yielded a value of 2.82 nm for the Stokes radius (Table 1), which was
higher than the Stokes radius of the native BLA, suggesting increase in the
hydrodynamic volume of the enzyme. Several earlier reports have shown
increase in the Stokes radius of a protein upon acetylation [29, 30]. Acetylation
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of amino groups increases the net negative charge on a protein by abolishing
the positive charge on amino groups, which may be responsible for such
increase in the hydrodynamic volume of the protein [29, 30].

Far-UV and Near-UV CD Spectra

The far-UV and the near-UV CD spectra were used to study the effect
of acetylation on the secondary and tertiary structures of BLA, respectively.
Occurrence of two minima at 208 and 222 nm in the far-UV CD spectrum of
native BLA (Fig. 4A) suggested the presence of the a-helical structure [31].
Acetylated BLA produced comparable CD spectrum (Fig. 4A), suggesting
presence of similar secondary structures in the acetylated preparation. In
a previous report, Shaw et al. have also shown superimposable far-Uv CD
spectra upon acetylation of 17 amino groups of BLA [8]. Nonetheless, significant
alteration in the near-UV CD spectrum (255-285 nm) of the acetylated BLA
was observed (Fig. 4B), indicating changes in the tertiary structure of BLA
brought about by acetylation. This was in accordance to an earlier report on
citraconylation of BLA, showing tertiary structural changes upon modification
[31]. Since acetylation abolishes the positive charge on amino groups, changes
in the protein’s tertiary structure are expected due to alteration in the charge
network of the native protein [31].

150

-5000

MRE (deg.cm’.dmol ™)

-10000 L L -100
200 225 250 250 275 300

Wavelength (nm)

Figure 4. Far-UV CD (A) and near-UV CD (B) spectra of native (—) and
acetylated (--) BLAs, obtained in 20 mM Tris-HCI buffer, pH 7.0 at 25°C.
The protein concentration and cuvette path length were 1.8 uM; 1 mm and 9.1 uM;
10 mm for far-UV and near-UV CD spectral measurements, respectively.
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Urea Denaturation

Conformational stability of native and modified BLAs was investigated
by urea denaturation studies [32]. CD spectral measurements (MRE222nm)
were used to monitor urea-induced structural changes in the protein.
MRE22nm values of the native and the modified BLAs, collected at various
urea concentrations were converted into the fraction denatured, Fp and
plotted against urea concentration to yield a denaturation curve (Fig. 5A). As
shown in the figure, both native and modified BLAs produced a single-step,
two-state transition. Urea transition for native BLA commenced at 1.75 M and
sloped off at ~ 5.5 M with the mid-point (Cn) occurring at 3.55 M urea
concentration (Fig. 5A). A previous study has shown the occurrence of these
points at much higher urea concentrations [22] compared to those found in
this study. Differential saturation of commercial BLA samples with bound
calcium may account for such differences in the above values. Furthermore,
use of different pH in the denaturation study may also contribute to this effect.
Interestingly, the transition curve of the acetylated BLA showed a significant
shift towards higher urea concentrations, suggesting higher chemical stability
of the modified BLA compared to the native BLA. The values of the start-, the
mid- and the end-points of the transition were obtained at 2.25, 4.0 and 6.5 M
urea, respectively (Fig. 5A). These results clearly suggested stabilization of
the acetylated BLA against urea denaturation.
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Figure 5. (A) Normalized transition curves of urea-induced structural changes in
native (@) and acetylated (O) BLAs, as studied by MRE222nm measurements
in 20 mM Tris-HCI buffer, pH 7.0 at 25°C. (B) Effect of urea concentration
on the specific activity of native () and acetylated ([J) BLAs.
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Enzymatic Activity

The enzymatic activity of native and acetylated BLAs was checked
both in the absence and the presence of different urea concentrations. Figure
5B shows the effect of urea (3, 4 and 6 M) on the enzymatic activity of native
and acetylated BLAs. As evident from the figure, acetylated BLA produced a
significantly higher (21%) enzymatic activity compared to the native BLA in
the absence of urea. In an earlier study, modified papain has been shown to
exhibit significantly higher activity in buffer compared to its native counterpart
[11]. About 54% and 44% enzymatic activity was retained in the acetylated
BLA in the presence of 3.0 and 4.0 M urea, respectively. These values were
32% and 52%, respectively, higher than those obtained with the native BLA
at these urea concentrations. Even at 6.0 M urea, acetylated BLA showed
18% retention of the enzymatic activity compared to the 6% retention
observed with the native BLA.

CONCLUSIONS

Taken together, acetylated BLA (with 47% modified amino groups)
was found to be more stable and resistant against urea denaturation. Since
acetylation of BLA altered the tertiary structure without changing secondary
structures, it seems that alteration in the overall conformation induced by
abolishment of positive charges on lysine residues might have increased
hydrophobic interactions in the modified protein.

EXPERIMENTAL SECTION

Materials

Bacillus licheniformis a-amylase (BLA) (lot 018K7018V), alcohol
dehydrogenase, f-amylase, bovine serum albumin (BSA), carbonic anhydrase,
myoglobin, Superdex® 200 (prep grade), blue dextran, 3,5-dinitrosalicyclic acid,
starch from potatoes and urea (SigmaUltra) were supplied by Sigma-Aldrich
Co., USA. Maltose was obtained from R & M Chemicals, UK. Acetic anhydride
was acquired from Riedel-de Haén, Germany. Tris base and 2,4,6-
trinitrobenzene sulfonic acid (TNBSA) were the products of Amresco, USA and
Pierce Chemical Company, USA, respectively. Analytical grade samples of
other chemicals were used.
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Analytical Methods

Protein estimations were made either by the method of Lowry et al
[33] using BSA as the standard or spectrophotometrically on a Shimadzu
double-beam spectrophotometer, model UV-2450 (Shimadzu, Kyoto, Japan),
using a molar extinction coefficient of BLA as 139,690 M~' cm™" at 280 nm [18].
The method of Pace and Scholtz was employed to determine the concentration
of the stock urea solution [34].

Polyacrylamide Gel Electrophoresis

Electrophoresis of BLA was performed under non-denaturing conditions
(without sodium dodecyl sulfate) on 10% polyacrylamide gel in 25 mM Tris
and 192 mM glycine buffer, pH 8.3, following the method of Laemmli [35].
About 5 ug protein in 7 uL of the sample buffer was applied into each well
and the electrophoresis was performed for 45 min, using a current of 10 mA /
well. Coomassie brilliant blue R-250 solution was used for gel staining as
described earlier [35].

Analytical Gel Filtration

Stokes radii of native and acetylated BLAs were determined by
analytical gel filtration [23]. A Superdex 200 column (0.8 x 53.5 cm),
equilibrated with 20 mM Tris-HCI buffer, pH 7.0 was used in AKTA avant
25. Blue dextran and L-tyrosine were used to determine the void volume
and inner volume of the column, respectively. Native and acetylated BLA
samples as well as standard protein markers with known Stokes radii i.e.
myoglobin (1.8 nm), carbonic anhydrase (2.4 nm), BSA (3.6 nm), alcohol
dehydrogenase (4.6 nm) and B-amylase (5.4 nm) were also passed through
the column. Each protein sample was passed at least 2-3 times to check
the reproducibility of results. Normalization of the elution volume was made
into distribution coefficient, Ky and available distribution coefficient, Kav
following the standard methods [25]. The data (K4 and Ka,) were then fitted
according to the methods of Ackers [26] and Laurent and Killander [27] and
the Stokes radii of native and acetylated BLAs were obtained from the
linear equations of the above plots.

Circular Dichroism Spectroscopy

Any change in the secondary and tertiary structures of the acetylated
BLA was studied by circular dichroism (CD) spectroscopy using Jasco
spectropolarimeter, model J-815, equipped with a peltier type temperature
controller (PTC-423S/15) attached to cell holder under constant nitrogen
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flow. Far-UV (200-250 nm) CD spectra were used to analyze changes in the
secondary structure, while tertiary structural changes were monitored by
near-UV (250-300 nm) CD spectra. The CD instrument was calibrated with
(+)-10-camphorsulfonic acid. The protein sample (1.8 uM) was taken in 1 mm
path length cuvette for CD spectral measurement in the far-UV range, while
9.1 uM sample was used in 10 mm path length cuvette for near-UvV CD
spectra. The scan speed and response time were fixed at 100 nm / min and
1 s, respectively, throughout the experiment. Each CD spectrum was taken
as an average of three scans and CD spectra were corrected by subtracting
the CD spectral contribution of the blank solutions from the CD spectra of the
protein. The results were transformed into mean residue ellipticity (MRE) in
deg.cm?.dmol.”" following the procedure described earlier [36].

Preparation of Acetylated BLA

Acetylated BLA preparation was made according to the method
suggested by Riordan and Vallee [37]. Using 20-fold molar excess of acetic
anhydride over protein, aliquots of acetic anhydride were added slowly to 50
mL continuously stirred BLA solution (10 mg/mL), prepared in 0.1 M sodium
phosphate buffer, pH 7.4 for about 30 min at 4°C. The pH of the solution
mixture was maintained at pH 7.4 —7.8 with the help of 1N sodium hydroxide
and stirring was continued until pH of the solution became constant. After
completion of the reaction, the mixture was extensively dialyzed against 20
mM Tris-HCI buffer, pH 7.0 with several changes. TNBSA reaction method
was employed to determine the extent of the lysine modification [20]. The
modified protein sample was also checked for possible modification of
tyrosine residues by hydroxylamine treatment [38].

Urea Denaturation

Urea denaturation studies were made in the same way as described
earlier [22]. All solutions used in these experiments were prepared in 20 mM
Tris-HCI buffer, pH 7.0. To 0.5 mL protein solution, taken in different tubes,
different volumes of the above buffer were added, followed by the addition of
increasing volumes of the stock urea solution (10.2 M) in order to achieve the
desired urea concentration. The mixtures (3.0 mL) were incubated for 12 h at
25°C before CD spectral measurements. The values of MRE were converted
into fraction denatured, Fp [32] and plotted against urea concentration. The
mid-point, Cn, values were obtained directly from the Fp curve as the urea
concentration corresponding to 0.5 Fpvalue.
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Enzymatic Activity

Native and acetylated BLAs were submitted for enzymatic activity
measurements both in the absence and presence of different urea
concentrations (3, 4 and 6 M) in 20 mM Tris-HCI buffer, pH 7.0 using potato
starch (substrate), following the method of Bernfeld [39]. The enzymatic
reaction was initiated by adding 0.4 mL of the activity buffer and 0.5 mL of
the substrate solution (1% starch, w/v) to 0.1 mL of the stock enzyme
solution (0.72 uM). After 3 min incubation at 25°C, the reaction was stopped
by adding 1.0 mL of 1% (w/v) 3,5-dinitrosalicylic acid and the tubes were kept
in the boiling water bath for 5 min. The mixture was diluted by adding 10 mL
of water into these tubes upon cooling to room temperature. The absorbance
of the colored solution was measured at 540 nm against a suitable blank.
The concentration of reducing sugars was determined from the maltose
standard curve. The specific activity of the enzyme was calculated following
the procedure described elsewhere [36]. All solutions used for enzymatic
activity measurement in the presence of different urea concentrations
contained the desired urea concentration. The protein samples were first
incubated with different urea concentrations for 12 h at 25°C before
enzymatic activity measurements.
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HETEROLOGOUS EXPRESSION AND PURIFICATION OF
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SMAC/DIABLO WITH EGFP AS FUSION PARTNER

PAL SALAMON®=®, ILDIKO MIKLOSSY?, BEATA ALBERT?,
MONIKA KORODI?, KATALIN NAGY®, ILDIKO BAKOS®,
SZABOLCS LANYI>*, CSONGOR ORBAN>*

ABSTRACT. New proteins as molecular targets in development of therapies
are discovered every day. However, study of their interactions with other proteins
or binding partners in complex cellular environments has its limits. Therefore,
high-yield production of these proteins in heterologous systems is a valid
necessity, while obtaining these proteins linked to suitable fluorescent markers
represents a step ahead in protein-protein interaction studies and cellular or
subcellular localization.

In this study, we present production of human SMAC/Diablo recombinant
protein with EGFP as a fusion partner. High-yield expression of the fusion
protein was carried out in E. coli Rosetta™(DE3)pLysS strain, and an acceptable
purity of the protein was obtained after affinity chromatography purification and gel
filtration. The obtained protein can be further used in protein-protein interaction
studies, whereas our method represents a cost-effective and efficient production
method for EGFP-fused proteins, applicable for a number of therapeutically
important polypeptides.

Keywords: SMAC/Diablo, apoptosis, heterologous expression, EGFP fusion
proteins

a SAPIENTIA Hungarian University of Transylvania, Faculty of Economics, Socio-Human
Sciences and Engineering, Department of Bioengineering, 1 Libertatii Square, RO-530104,
Miercurea Ciuc, Romania

b University of Medicine and Pharmacy of Targu Mures, Faculty of Pharmacy, 38 Gheorghe
Marinescu str., RO-540139, Targu Mures, Romania

¢ University POLITEHNICA of Bucharest, Faculty of Applied Chemistry and Materials Science,
Str. Gh. Polizu, Nr. 1-7, Sector 1, 011061 Bucuresti, Romania

* Corresponding author: orbancsongor@uni.sapientia.ro



P. SALAMON, I. MIKLOSSY, B. ALBERT, M. KORODI, K. NAGY, I. BAKOS, SZ. LANYI, CS. ORBAN

INTRODUCTION

A complex regulatory network of protein activation and inhibition
maintains optimal cellular function. In case of malfunctions of this system,
various diseases can develop. Apoptosis, or programmed cell death represents
a vital mechanism in maintenance of tissue homeostasis and development
of the immune system. Tumor cells are responsive to both internal and
external stress, while being resistant to apoptosis [1]. Changes in the rate of
apoptosis may have pathological consequences: an increase in apoptosis rate
can cause neurodegenerative diseases, while a decrease can cause cancer.

SMAC/Diablo (second mitochondria - derived activator of caspase
direct inhibitor of apoptosis-binding protein with low pl) is a newly discovered
pro-apoptotic mitochondrial caspase activator protein [1]. Changes in
permeability of the mitochondrial membrane SMAC/Diablo is released in
concert with cytochrome-C, and it binds to the anti-apoptosis IAPs (inhibitor
of apoptosis proteins) in the cytosol. By inhibition of these proteins, apoptosis
is promoted [2].

SMAC/Diablo protein was identified as a cytochrome-C/APAF-
1/caspase-9 pathway caspase activation mitochondrial protein [3]. It is known
that SMAC/Diablo neutralizes XIAP in the cytosol, while generating additional
initiator caspase activity [1, 2]. The first 55 amino acids of the protein sequence
represent a mitochondrial signal peptide, while the mature protein presents an
Amino-terminal AVPI-end, which is essential for the function of SMAC/Diablo
protein as a natural antagonist of anti-apoptosis proteins (IAPs) [4]. The
molecular weight of the mature protein is 20.8 kDa, which occurs in the
cytosol in a tetrameric structure [5]. In the BioGrid (Biological General
Repository for Interaction Datasets) database there are listed a number of
45 known protein-protein interactions involving SMAC/Diablo.

The discovery of GFP protein [6, 7] and the two-photon microscope
[8] allowed the development of fluorescence microscopy applications in cell
biology [9]. The wide-range use of GFP is a consequence of its unique
properties: reduced sensitivity to higher temperatures, detergents, alkaline
pH, photobleaching, organic salts, chaotropic salts and many proteases
[10]. EGFP (enhanced green fluorescent protein, a mutant version of GFP)
has emerged as a powerful fluorescent label for quantitative fluorescence
microscopy applications [11]. EGFP contains two amino acid substitutions
(Ser65Thr and Phe64Leu), that lead to a 35-fold enhancement of
fluorescence over wild-type green fluorescent protein (WtGFP) [12]. Using an
EGFP-fused protein we can track and quantify the fusion protein, examine
protein-protein interactions, describe biological events and signals in cells, or
even apply these fusion constructs in drug discovery processes.
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In the light of the above, the aim of the study was fusion of human
SMAC/Diablo recombinant protein with EGFP, expression of the fusion
construct in prokaryotic host cells, namely in E. coli Rosetta™(DE3)pLysS
strain and the subsequent purification by affinity chromatography followed by
gel filtration (size exclusion chromatography). The EGFP-fusion construct was
intended to assure easy and specific detection of SMAC/Diablo in further
experiments.

Our data supports that using a prokaryotic expression system in
bioreactor cultures we can cost-effectively produce the recombinant protein
in large quantities. With the affinity and gel filtration chromatography we can
isolate an adequately pure protein which can be further used in oncological
or cell biology research.

RESULTS AND DISCUSSION
Modelling of SMAC_EFGP fusion protein structure

In the first phase of our study, in order to assess structural stability of
the created SMAC_EGFP fusion protein, and more importantly, to predict
structural changes which could affect the functionally essential Amino-
terminal AVPI segment of Smac/Diablo, we performed analysis of the 3D
structural model of the fusion protein.

The tridimensional structure model was obtained by homology
modelling, whereas homologous sequences were compiled using the Phyre2
online search engine [13].

The Amino-terminus of the recombinant fusion protein sequence starts
with a methionine (Figure 1, marked in yellow), which is removed during
translation by methionyl aminopeptidase. Removal of the methionine results in
the mature Amino-terminus beginning with the AVPI amino acid sequence
(marked in red), which is considered crucial to its interaction with the IAP
proteins. EGFP is marked with green, its Carboxyl-terminus being continued
with a 6xHis tag (marked in purple), required for affinity chromatography.

The tridimensional model of the fusion protein reveals presence of
the significant secondary structural elements of SMAC/Diablo reported in
crystallographic studies [14], as well as the free Amino-terminal AVPI
sequence, whereas the EGFP presents its characteristic beta-barrel [15].
Based on the above mentioned results, we concluded that the
SMAC_EGFP_His recombinant fusion protein would retain the structural
elements required for SMAC/Diablo function.
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Figure 1. SMAC_EGFP 3D ribbon model.
(yellow — N terminal methionine, red — N-term AVPI, green — EGFP, purple — His
tag. Structural model compiled by Phyre2 online search engine,
visualized and edited in PyMol).

Design and assembly of the SMAC_EGFP_His construct

The SMAC_EGFP_His construct was designed taking into account
the chosen heterologous E. coli pET-based expression system (pET20b
vector with E. coli Rosetta™(DE3)pLysS as a host strain), as well as the
downstream purification steps. Restriction map of the designed vector is
presented in Figure 2, outlining the significant elements of the recombinant
construct. Vector selection was based on our previous experience in high-
yield protein production, according to which these expression plasmids
proved to be extremely reliable for the production of a number of proteins.

Coding sequences for SMAC/Diablo and EGFP, respectively, were
obtained by PCR, specific primers being designed (as described in the
Experimental section) to assure the restriction sites selected for cloning (Xbal
and BamHI for the SMAC sequence, and BamHI and Notl for EGFP).

The expression vector was obtained by directional cloning carried out
with the above mentioned restriction endonucleases (details in Experimental
section), whereas assembly of the two coding sequences was performed
by one-step ligation. Verification of the correct plasmid assembly and
conformation, respectively, and incorporation of the gene construct into the
vector structure was carried out by subsequent restriction digestions. Correct
integration of the SMAC_EGFP_His construct into the plasmid pET20b was
verified by digestion with Notl, EcoRIl and Xmnl.

336



HETEROLOGOUS EXPRESSION AND PURIFICATION OF RECOMBINANT PROAPOPTOTIC ...

(4737) Nael Styl Essl?l -
(4735) NgoMIV PaeR7I - PspXI - ThI - Xhol (160)
(4634) Dralll Eagl - Notl (168)

(4506) Psil BsrGI (198)

N

(4028) BsaHI <7 &rMingg,,.

BamHI (917)
EcoNI (931)
Eco53KkI {996)
Sacl (998)

BstAPI (1136)

Bcll* (1233)
EcoRI (1265)

(3861) Pwul

pET20b_SMAC_EGFP
4876 bp

{3611) BglI

{3491) AhdI
Xbal (1486)

BglII {1544)
Mscl* (1569)
Btgl (1570)
FspAl (1579)

BbsI (1716)

Afel (1852
(2906) PspFI ( )

(2902) BseYI
BsmBI (2239)

(2596) ARIXKX - Pl PFIFI - Tth1111 (2343)
(2369) BStZ171  Accl (2368)

Figure 2. Restriction map of pET20b_SMAC_EGFP expression plasmid, outlining
significant features of the vector (Map created in SnapGene).

The expected fragments were 3779 bp and 1097 bp for the Notl,
EcoRI double digestion, respectively 2942 bp and1934 bp for the digestion
performed by the double-cutter Xmnl. The results of the restriction digestions
are visualized in Figure 3, where presence of restriction fragments of the
expected length supports formation of the correct structure of the
recombinant vector and successful ligation of the SMAC_EGFP construct.
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Figure 3. Result of pET20b_SMAC_EGFP plasmid digestion:

(M) - 1 kb DNA ladder GeneRuler; (1) -pET20b_1; (2) - pET20b_2; (3) - pET20b;
(4) - pET20b_1 Xmnl; (5) - pET20b_2 Xmnl; (6) - pET20b_1 Not + Eco RI; (7) - Not
+ Eco Rl pET20b_2. (Reaction products were separated by electrophoresis on a
1% agarose gel and visualized by RedSafe staining).

High-yield expression of the SMAC_EGFP fusion protein

To ensure high-yield production of the SMAC_EGFP fusion protein, a
bioreactor system was used, as cultivation of transformed expression strains
under controlled process parameters offers the possibility to obtain high
biomass levels, and consequently, high protein production rates.

The SMAC_EGFP recombinant protein was expressed in a Biostat A
plus bioreactor, in cultures of E. coli Rosetta™ (DE3)pLysS strain transformed
with the pET20b_SMAC_EGFP expression vector. Fermentation conditions,
determined previously in small-scale expression experiments (data not shown)
were 37 °C, pH 7.0, using an M9 mineral medium with 2 g/L glucose as the
sole carbon source. Induction of target protein expression by the strong T7
promoter was performed by addition of 1 mM IPTG to the culture media at
OD~20. During the derepression period, cells were further cultivated at 18 °C
to facilitate correct folding of the protein. After 16 hours of expression, we
obtained a biomass yield of 40 g WCW/1 L culture. Our procedure for high-
yield protein expression obtained in high-density bacterial cultures has
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resulted in similar protein production rates reported in other studies concerning
expression of alcohol-dehydrogenase [16], even labeled eukaryotic proteins
[17] or for expression of genes from heterologous biosynthetic pathways [18].

Two-step purification of recombinant SMAC_EGFP

As downstream experiments often require a highly purified protein
solution, purification of the obtained recombinant SMAC_EGFP was carried
out in two consequent steps, by Ni-affinity binding followed by size exclusion
chromatography. Results of the fusion protein purification by affinity
chromatography were verified by SDS-PAGE gel analysis (Figure 4, lanes 6
and 7). As our results illustrate, the Ni-NTA affinity resin non-specifically
bound other proteins from the production culture, along with the target
protein. However, we found our SMAC_EGFP being the predominant protein
fraction with a relative molecular weight of 52 kDa in the elution fractions 6
and 7 (Figure 4). Due to non-specific binding, further purification of the
protein solution was implemented by size exclusion chromatography.

1 2 3 4 5 6 7 8
i contaminating proteins
—— SMAC_EGFP
SOKDS ST — recombinant protein
i contaminating proteins
i ——
e

Figure 4. SDS-PAGE gel analysis of affinity chromatography purification of the
obtained fusion protein. (1) - PageRuler™ Prestained NIR Protein Ladder,
(molecular weight marker from Thermo Scientific™); (2) — total cell protein, (3) —
total soluble protein, (4) — flow through, (5) — fraction 6, 250 mM imidazole elution,
(6) — fraction 7, 250 mM imidazole elution, (7) — fraction 8, 250 mM imidazole
elution, (8) — fraction 9, 250 mM imidazole elution
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Based on our SDS-PAGE results (Figure 5) illustrating the downstream
purification steps, the non-specifically bound proteins remaining in the eluted
protein fractions after affinity purification were eliminated by size exclusion
chromatography. Concentration of the recombinant protein after gel filtration
was determined 2.5 (£0.03) mg/mL, obtained in a total volume of 8 mL, with
a total quantity of 20 mg pure recombinant protein SMAC_EGFP.

1 2 3
/ - " SMAC_EGFP
50 kDa 7 P —
©
2
©
=
£E 4
=%
£ —
E o
8=
cC w
Q.c
©g
2%
= a

Figure 5. SDS-PAGE gel analysis of the second purification step of SMAC_EGFP
by size exclusion chromatography. (1) - PageRuler™ Prestained NIR Protein Ladder
(molecular weight marker from Thermo Scientific™); (2) - SMAC_EGFP eluted
fraction, 20 pL; (3) - SMAC_EGFP eluted fraction, 10 uL

CONCLUSIONS

Based on the results of restriction endonuclease digestion confirmed
by sequencing of the plasmid we have successfully assembled the
SMAC_EGFP_His recombinant construct. For expression of the SMAC_EGFP
recombinant protein, the E. coli expression strain Rosetta™(DE3) pLysS
transformed with the recombinant vector was used successfully under the
following conditions: 16 hours of cultivation after induction with 1 mM
concentration of IPTG at 18 °C.
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A significant quantity of 20 mg/L of pure recombinant SMAC_EGFP
protein was obtained by applying the above conditions in a bioreactor culture.
Regarding the downstream purification procedure, our two-step affinity and
size exclusion chromatography protocol proved to be successful, as we
obtained a protein solution in adequately pure form for further investigations,
e.g. protein-protein interactions in cancer and cell and biology research.

EXPERIMENTAL SECTION
Oligonucleotide design for PCR and DNA manipulations

The properties of primers, designed for cloning are shown in table 1.
During the PCR reaction the FW_BamHI EGFP and Rev_Notl EGFP,
FW_Xbal_SMAC and Rev_BamHI_SMAC primers, respectively, were used
together. In the cloning PCR reactions, the pSmac-GFP vector (nr. 40881 from
ADDGENE) was used to obtain the SMAC coding sequence.

Table 1. Properties of oligonucleotides used for cloning

Name Sequence Nr. o_f Melting Restriction site
nucleotides| temp.
5 GCGTAGGATC BamHI
FW_BamHI_EGFP|CCCATATGGTG 28 bp. 60 °C , ,
AGCAAGGS’ (5'...GGATCC...3)
5GTATTAGCGG Notl
CCGCTCTGAGT o ;
Rev_Notl_EGFP CCGGACTTGTA 35 bp. 60°C | (5 ...GCG;?CCGC
CAG3Y .-
5GGTICTAGATA Xbal
FW_Xbal SMAC |AGGGAAGCTTA| 26 bp. 59 °C , ;
TGGCGS! (5 ...TCTAGA...3 )
5GTAGTAGTAG
ReV—BagH'—SMA GATCCGCATCC| 29 bp. 60°C | g G?;i\rqglc 3
TCACGCAG3’ v "

Thermal cycles and reaction components used to assemble the
Xbal SMAC_BamHI construct:
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Cycles Temp. Time Reaction mix
1Xx 95°C 2min 10x PFU buffer 5uL
95°C  0.5min 10 mM dNTP 1L
35x 53°C 0.5min 100 mM FW_Xbal _SMAC primer 0.5uL
72°C 1 min 100 mM Rev_BamHI_SMAC primer 0.5 L
1Xx 72°C 7 min Template DNA 1uL
PFU enzyme 1uL
Sterile water 41 L
Total 50 pL
Thermal cycles and reaction components used to create the
BamHI_EGFP_Notl construct:
Cycles Temp. Time Reaction mix
1x 95°C 2 min 10x PFU buffer 5uL
95°C  0.5min 10 mM dNTP 1L
35x 47°C  0.5min 100 mM FW_BamHI_EGFP primer 0.5uL
72°C 1 min 100 mM Rev_Notl_EGFP primer 0.5uL
1Xx 72°C 7 min Template DNA 1uL
PFU enzyme 1uL
Sterile water 41 uL
Total 50 uL

The PCR products were purified by Thermo Scientific GeneJET PCR
Purification Kit, according to the manufacturer's recommendations, then in
order to create cohesive ends, the samples were digested with restriction
endonucleases (double digests), according to the reaction set-ups presented
in Table 2. Both digests were incubated at 37 °C (Thermo-Shaker TS-100C)
for 1 hour and inactivated at 80 °C for 20 minutes. The pET20b plasmid was
also digested at 37 °C for 1 hour, then incubated at 80 °C for 20 minutes to
inactivate the restriction enzyme.

Table 2. Restriction reaction set-up

Xbal + BamHI digestion

BamHI + Notl digestion

Xbal + Notl digestion

Xbal_SMAC_BamHl BamHI_EGFP_Notl pET20b

PCR product 25 L PCR product 24 uL plasmid 10l
10x Tango buffer | 3uL | 10x BamHI buffer | 3 L 10Xb8frf2:‘ge 3L

Xbal enzyme (5 BamHI enzyme (5 Xbal enzyme
U/ul) 1ol U/uL) Tl | gy | AML

BamHI enzyme (5 Notl enzyme
U/uL) 1 uL |Notl enzyme (5 U/uL)| 2 uL (5 Ujl) 1uL
Total 30 uL Total 30 uL | Sterile water | 12 uL
Total 30 pL

342




HETEROLOGOUS EXPRESSION AND PURIFICATION OF RECOMBINANT PROAPOPTOTIC ...

To increase the efficiency of ligation of the digested plasmid pET20b
and the digested PCR products, both were separated on a 1% agarose and
the appropriate fragments were isolated with the Genedet Gel Extraction Kit
(Thermo).

The PCR products and the plasmid pET20b were ligated O.N.,
16 °C using T4 DNA ligase enzyme (Thermo Scientific). Ligation mixtures
were transformed into chemically competent E. coli Top10F and selected
on ampicillin containing LB plates.

Expression of human recombinant SMAC_EGFP protein in
bioreactor cultures

Recombinant protein production was carried out in a 1 L capacity
Sartorius Biostat®A Plus Bioreactor, using BioPAT®MFCS/DA Supervisory
Control and Data Acquisition (SCADA) Software. The reactor was firstly
loaded with 1 L basic M9 broth. The system was autoclaved for 20 minutes
at 120 °C, in order to ensure sterility. After sterilization, the reactor was
connected to aeration, acid and base solutions, temperature control system
and control unit. After the reactor has cooled down (<40 °C), thermally
unstable compounds were added (Table 3. marked with *) through a sterile
filter (0.25 pm). In order to homogenize the system, mixing, temperature, and
pH control were launched: 400 RPM, 37 °C, pH 6.9. After the stabilization
of the reactor, the reactor was inoculated under sterile conditions with 10 mL
inoculum. The culture at this stage was grown at 37 °C, with a dissolved
oxygen level above 40%, and pH 6.9. When the cell density reached
ODeg0=20, the temperature was set to 18 °C and the protein expression was
induced with isopropyl-thiogalactopyranoside (IPTG) (1 mM final concentration).
Protein expression was carried out at 18 °C, O.N. (16 hours).

In order to harvest the cells, 1 L culture was centrifuged (12,000xg for
10 min at 4 °C), and the cell pellets were stored at -80 °C until further
processing (Thermo Scientific FORM 88000 series).

Cell lysis was performed as follows: 1 gram of cells were resuspended
in 5 mL of lysis buffer (20 mM Tris-HCI (pH 8), 250 mM NaCl, 2 mM DTT,
1 mM PMSF, protease inhibitor cocktail). Cell disruption was performed with a
Microfluidizer LM10, in order to increase the efficiency, the micro-flight
compression was performed twice. The resulting cell extract was centrifuged at
4 °C, 60,000xg, for 60 minutes in order to separate the solubilized proteins
from cellular debris.

343



P. SALAMON, I. MIKLOSSY, B. ALBERT, M. KORODI, K. NAGY, I. BAKOS, SZ. LANYI, CS. ORBAN

Table 3. Composition of 1x M9 minimal broth

Component Concentration 1000X TRACE elements
Naz:HPO4 3.54 g/lL FeClsx6H20 50 mM
NaCl 0.50 g/L CaClz 20 mM
KH2PO4 3.40 g/L MnClI2x4H20 10 mM
NH4CI* 2.00 g/L ZnS04x7H20 10 mM
CsH1206" 2.00 g/L CoClz 2 mM
MgSO4* 2.00 mM CuCl2x2H20 2 mM
CaCl* 0.02 mM NiCl2x6H20 2 mM
Ampicillin* 100 pg/mL NazMoO4*2H20 2 mM
TRACE* 1X Na2SeO3*5H.0 2 mM
*- Added after sterilization H3BO3*5H20 2mM
HCI 60 mM

Purification of recombinant SMAC_EGFP protein

Affinity chromatographic purification was carried out using a 2x5 ml
HisTrap (GE Healthcare) column with an AKTA FPLC system. Data acquisition
and system control were carried out with a UNICORN 5.11 software package.
The column, the protein solution and the buffers were kept at 4 °C. The wash
buffer contained 20 mM Tris-HCI (pH 8), 250 mM NaCl, 2 mM DTT, 1 mM
PMSF, 20 mM imidazole. The elution buffer contained 20 mM Tris-HCI (pH 8),
250 mM NaCl, 2 mM DTT, 1 mM PMSF, 500 mM imidazole. Purification
parameters were set at: 10 mL column volume, 1 mL/min flow rate, 2 mL
fraction volume. A cell lysate of 200 mL volume was injected, while the elution
step was performed in one step, at 250 mM imidazole concentration. Following
affinity chromatography, the purified protein was dialyzed for 24 hours, at 4 °C,
under stirring, in the following buffer: 20 mM Tris-HCI (pH 8), 250 mM NacCl, 2
mM DTT, 1 mM PMSF.

Size exclusion chromatography purification was carried out using a
HiLoad16/600, Superdex 75 column with a 20 mM Tris-HCI (pH 8.0, 250 mM
NaCl, 2 mM DTT, 1 mM PMSF solution as the mobile phase.
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ABSTRACT. The article discloses the main results of our new investigation
of Platland tree, a.k.a. Sunland baobab, the largest known African baobab.
Our recent research was motivated by the three successive splits of 2016
and 2017, which determined the collapse and demise of the stems that have
built the main unit of the tree. According to our new findings concerning the
architecture of large and old baobabs, we established that Platland tree has
a double closed-ring shaped structure and consists of two units/rings that
close two separate false cavities. The larger unit was composed of five fused
stems, out of which four toppled and died, while the fifth stem is already
broken. The smaller unit, which is still standing, consists of three fused
stems. We also determined that the larger unit had an age of 800 yr, while
the smaller unit is 1100 yr old.

Keywords: AMS radiocarbon dating, Adansonia digitata, tropical trees, ring-
shaped structure, age determination, false cavity.

INTRODUCTION

The African baobab (Adansonia digitata L.), which has a natural
distribution in mainland Africa, is the largest and best-known of the nine
Adansonia species [1-3]. In 2005, we initiated a long-term research for
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clarifying several controversial aspects concerning the architecture, growth
and age of the African baobab. The research is mainly based on our
methodology which consists of AMS radiocarbon dating of small wood
samples collected from inner cavities, but also from deep incisions in the
stems, fractured stems and from the exterior of large baobabs [4-8].

According to dating results, all large baobabs are multi-stemmed. Due
to the special ability of baobabs to produce stems periodically during their life
cycle, they develop architectures of increasing complexity. Therefore, we focused
on the investigation of superlative individuals, i.e., very large and potentially
old baobabs. We documented the open and closed ring-shaped structures,
which are the most important architectures that enable African baobabs to
reach old ages and large sizes. We also identified the presence of false cavities,
which are large natural empty spaces between several fused stems disposed
in a closed ring-shaped structure, which have never been filled with wood [9-13].
The oldest dated A. digitata specimens were found to have ages greater than
2000 yr [14,15]. Dated growth rings of several African baobab specimens act
as a proxy climate archive and have been used for past climate reconstruction in
southern Africa [16,17].

The Platland tree, a.k.a. Sunland baobab, is or was the biggest
African baobab and also angiosperm, with a total wood volume of 501 m3[8].
The Platland tree is probably the most promoted and visited African baobab.
It is widely known especially due to the pub which was established inside its
largest false cavity. Over the past years, we visited and investigated several
times this superlative baobab. In our first radiocarbon investigation of a live
African baobab, we determined the fire history of the Platland tree, by dating
several new growths layers which covered the original old wood from its cavities.
These new growth layers were triggered by successive fires inside the cavities
[7]. In the second investigation, we determined the ages of the two units which
build the Platland tree [8].

Here we present new results of the investigation of the Platland tree,
mainly carried out after the successive splits of 2016 and 2017, which determined
the collapse and death of its larger unit.

RESULTS AND DISCUSSION

The Platland tree and its area. The Platland tree is located on the private
Sunland Mango Nursery of the former Platland farm, at 10 km from Modjadjiskloof
and 25 km from Tzaanen, in the Limpopo Province, South Africa. Its GPS
coordinates are 23°37.259' S, 030°11.888' E and the altitude is 717 m. Mean
annual rainfall in the area is 802 mm (Modjadjiskloof station).
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Figure 1. General view of the Platland tree taken from the east: (a) when it was still
the largest African baobab; (b) after the second split of August 2016;
(c) after the third split of April 2017.
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The Platland tree consists of two units | and I, which are both multi-
stemmed (Figure 1a). Its maximum height was 18.9 m, the circumference at
breast height (cbh; at 1.30 m above ground level) was 34.11 m and the basal
surface of 67.9 m? corresponded to a formal diametre of 9.30 m. The overall
wood volume was 501 m?3, out of which 364 m3 for unit | and 137 m3 for unit Il
The horizontal canopy dimensions are 37.7 x 32.4 m [8].

The Platland tree has a double closed ring-shaped structure with two
false cavities. The two units that build the tree correspond each to a closed
ring. The two rings/units are connected by a fused section, which covers a
shared cbh of 4.10 m and has a maximum height of 2.20 m. The two false
cavities are connected by a small opening.

The cavity inside the larger unit | has a maximum length of 4.60 m, a
width of 4.81 m, a height of 4.88 m and a basal surface of 15.9 m?. The false
cavity inside the smaller unit Il has the linear dimensions of 1.67 x 2.50 x 2.47 m
and a basal surface of 2.8 m?.

Unfortunately, the larger unit | of Platland tree split three times, in May
2016, August 2016 and April 2017. Four of its five stems toppled and died. The
fifth stem which is broken will also collapse soon (Figure 1b and 1c). The
stems of the larger unit | were partially rotten. It is still uncertain whether the
smaller unit Il, composed of three stems, which was hit during the third split,
will survive or not.

Wood samples. Five wood samples (labelled 11-15) were collected
from two fallen stems of unit |. Other two samples (labelled 21 and 22) were
collected from the walls of the false cavity inside unit Il.

A number of seven small pieces/segments, of the length of 0.001 m
each, were extracted from the samples 11-15 and from the deepest ends of
samples 21 and 22.

AMS results and calibrated ages. Radiocarbon dates of the seven
segments are listed in Table 1. Radiocarbon dates and errors were rounded to
the nearest year. The radiocarbon dates are expressed in “C yr BP (radiocarbon
years before present, i.e., before the reference year AD 1950).

Calibrated (cal) ages, expressed in calendar years, are also displayed
in Table 1. The 1-0 probability distribution was selected to derive calibrated
age ranges. For four sample segments the 1-c distribution is consistent with
only one range of calendar years. For the other three sample segments, the
1-o distribution is consistent with two or three ranges of calendar years. For
these three segments, the confidence interval of one range is considerably
greater than that of the other(s); therefore, it was selected as the cal AD
range of the segment for the purpose of this discussion. For obtaining single
calendar age values of sample segments, we derived a mean age of each
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segment from the selected range (marked in bold). Calendar ages of segments
represent the difference between AD 2017 and the mean value of the selected
range, with the corresponding error. Calendar ages and errors were rounded
to the nearest 5 yr.

Table 1. AMS Radiocarbon dating results and calibrated calendar ages of
samples/segments collected from the Platland tree.

Sample Depth! |Radiocarbon date Cal AD range Sample age
(Segment) | [height?] [error] 1-0 [error]
(102 m) ("*C yr BP) [confidence interval] (cal yr)
11 - 665 [+ 23] 1314-1358 [54.4%] 680 [+ 20]
1380-1391 [13.8%]
12 - 765 [+ 18] 1276-1294 [68.2%] 730 [+ 10]
13 - 546 [+ 19] 1413-1434 [68.2%] 595 [+ 10]
14 - 728 [+ 16] 1282-1302 [52.3%] 725 [+ 10]
1365-1375 [15.9%]
15 - 785 [+ 18] 1266-1288 [68.2%] 740 [+ 10]
21 35 914 [+ 25] 1160-1208 [68.2%] 835 [t 25]
[135]
22 42 978 [t 14] 1046-1089 [41.0%] 950 [+ 20]
[160] 1109-1120 [7.9%)]
1130-1151 [19.3%]

" Depth in the wood from the sampling point.
2 Height above ground level.

Dating results of samples (segments). The five sample segments 11-15
originate from relatively central positions of two fallen and broken stems of unit I,
namely from different heights (4.3—10.5 m), i.e., distances from their original
base. Their radiocarbon dates between 546 + 19 and 785 + 18 BP correspond
to calibrated ages of 595 + 10 and 740 + 10 calendar yr. Other samples
collected from areas around the circumference of the two fallen stems, in direction
of the cavity and in the opposite direction toward the outer part/exterior were
also dated and found to be greater than Modern (> Modern). In such cases,
the dated wood is very young, being formed after AD 1950. The two sample
segments 21 and 22, which represent the deepest end of the two samples
collected from the walls of the false cavity inside unit Il, had radiocarbon dates of
914 1+ 25 and 978 + 14 BP. These values correspond to calibrated ages of
835 £ 25 and 950 + 20 calendar yr.

Architecture of the Platland tree. The Platland tree was composed of
two interconnected units, which were both multi-stemmed. Each unit, which
has a false cavity inside, exhibits a closed ring-shaped structure. Thus, the

351



A. PATRUT,S. WOODBORNE, R. T. PATRUT, L. RAKOSY, G. HALL, I.-A. RATIU, K. F. VON REDEN

Platland tree has a double closed ring-shaped structure with two distinct false
cavities that communicate via a small opening. The largest unit | was composed
of five perfectly fused stems, that collapsed one after another during the three
successive splits. The still standing smaller unit Il consists of three fused stems.

Ages of the two units of Platland tree. The ages of the five samples
11-15 extracted from two toppled and broken stems of unit |, that were partially
rotten, were between 595 and 740 yr. The oldest samples originate from areas
close to the presumptive pith (at the respective height) for stems which belong
to a closed-ring shaped structure. We consider that the age of the oldest part
of unit | must have been close to 800 yr.

The oldest dated sample segment corresponds to the deepest end of
sample 22, which was collected from the inner cavity walls inside unit Il. This
segment that correspond to a depth of 0.42 m in the wood from the sampling
point, was 950 yr old. By considering that the width of the cavity walls in this
area is 1.20 m and also the age sequences of stems which belong to a ring-
shaped structure, we estimate that the age of unit Il is around 1100 yr.

These ages of the two units of Platland tree are very close to the age
values proposed by us in a previous research, in which we also discussed a
possible scenario for explaining why the smaller unit Il is considerably older
than the larger unit | [8].

CONCLUSIONS

The research presents the results of the final investigation of the
largest known African baobab, namely the Platland tree, a.k.a. Sunland baobab,
located in the Limpopo province, South Africa. This new research, which was
mainly based on AMS (accelerator mass spectrometry) radiocarbon dating,
aimed to establish the true architecture and age of the baobab. We determined
that the Platland tree has a double closed ring-shaped structure and consists
of two units/rings with two distinct false cavities inside.

The larger unit/ring was composed of five fused stems, while the
smaller unit/ring consists of three fused stems. In 2016 and 2017, the larger
unit split three times, so that four stems toppled and died. According to the new
dating results, the larger unit was 800 yr old, while the still standing smaller
unit has an age of 1100 yr.

The death of the majority of the oldest and largest African baobabs,
which were all located in southern Africa, over the past years, is an event of
an unprecedented gravity. The fact that these demises were not caused by
an epidemic suggests that they were engendered by significant modifications of
the climate conditions, which affect especially southern Africa. The devastating
drought over the past years in southern Africa was determined mainly by the
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intensification of El Nifo, which warms the waters in the equatorial Pacific and can
lead to unusually heavy rains in some parts of the world and drought elsewhere.
The Platland tree might be the latest victim of these climate modifications.

EXPERIMENTAL SECTION

Sample collection. The five wood samples 11-15, which originate from
unit |, were extracted with a sharp instrument from central areas of two fallen
and broken stems, which were partially decayed. The other two samples 21
and 22 were collected by using a Hagléf CH 800 increment borer (0.80 m long,
0.0054 m inner diametre) from the walls of the cavity inside unit Il. A number of
seven tiny pieces/segments of the length of 0.001 m were extracted from
each wood sample. The segments were processed and investigated by
AMS radiocarbon dating.

Sample preparation. The standard acid-base-acid pretreatment method
was used for removing soluble and mobile organic components. The pretreated
samples were combusted to CO, by using the closed tube combustion
method [18]. Then, CO, was reduced to graphite on iron catalyst, under hydrogen
atmosphere [19]. Finally, the resulting graphite samples were analysed by AMS.

AMS measurements. AMS radiocarbon measurements were performed
at the NOSAMS Facility of the Woods Hole Oceanographic Institution (Woods
Hole, MA, U.S.A.) by using the Pelletron ® Tandem 500 kV AMS system. The
obtained fraction modern values, corrected for isotope fractionation with the
normalized 6'3C value of -25 %o, were ultimately converted to a radiocarbon
date.

Calibration. Radiocarbon dates were converted into calendar ages
with OxCal v4.2 for Windows [20], using the SHCal13 atmospheric set [21].
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ABSTRACT. The article reports the AMS (accelerator mass spectrometry)
radiocarbon dating results of Sagole Big tree, a giant African baobab from
Limpopo, South Africa. Several wood samples were collected from the walls
of its inner cavity and dated by radiocarbon. The age values along the cavity
samples increase with the distance into the wood. This anomaly shows that
the cavity is a false one. The oldest sample segment had a radiocarbon date
of 781 + 29 BP, which corresponds to a calibrated age of 740 + 15 yr. We
estimate that the oldest part of the Sagole baobab has an age of 800-900 yr.
We determined that the tree has a closed ring-shaped structure, which
consists of a large unit with six fused stems and of two additional leaning
stems.
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INTRODUCTION

In 2005, we started a long-term research in order to elucidate several
aspects related to the architecture, growth and age of the African baobab
(Adansonia digitata L.). The research is mainly based on our approach which
also allows to investigate and date standing and live baobab specimens. The
methodology consists of AMS radiocarbon dating of small wood samples
collected from inner cavities and/or deep incisions/entrances in the stems,
fractured stems and from the outer part of large baobabs [1-5].

Owing to the special ability of baobabs to produce stems periodically
during their life cycle, over time they develop architectures of increasing
complexity. That is why our research focused on superlative baobabs, i.e.,
very large and/or old specimens. According to radiocarbon dating results, all
large baobabs are multi-stemmed. We identified the open and closed ring-
shaped structures, which are the most important architectures that enable
African baobabs to reach old ages and large sizes [6, 7]. Old baobabs have
often large cavities, especially in the central area of their trunk/stems. In normal
cavities generated by wood removal, the pith/centre of the stem is located inside
the cavity. For wood samples extracted from normal cavities, age values
decrease continuously from the cavity walls toward the outer part of the stem.
Our research of large and old baobabs has identified a major anomaly in the age
sequence of cavity samples dated by radiocarbon. In these cases, ages of
samples collected from their inner cavities increase from the cavity walls up to a
certain distance into the wood, after which they decrease toward the outer part.
The only possible explanation for this finding is that such cavities are only natural
empty spaces between several fused stems disposed in a closed ring-shaped
structure, which were never filled with wood. We named them false cavities. The
first significant difference between false and normal cavities is the presence or
absence of the bark inside the cavity. Unlike normal cavities, which become
larger over time due to continuous decay, false cavities tend to become smaller
as a result of stem growth [7-10]. The oldest dated A. digitata individuals were
found to have ages up to 2500 years [11, 12].

Dated growth rings of several investigated African baobab specimens,
which may act as a proxy climate archive, were used for past climate
reconstruction in southern Africa [13, 14].

Here we present the investigation results of a giant baobab, i.e., the
Sagole Big tree from Limpopo Province, South Africa. The Sagole baobab is
included in the Big Tree Register. According to a very controversial formula
proposed by the Dendrological Society for calculating the tree size, it has a
size index of 426 and it has been officially declared the largest Champion
Tree of South Africa [15].
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RESULTS AND DISCUSSION

The Sagole Big tree and its area. The Sagole Big tree is located in
Zwigodini village at 54 km NNW of Tshipise, in Mutale Municipality, Vhembe
District, Limpopo Province, South Africa. The GPS coordinates are 22°30.002'
S, 030°37.995' E and the altitude is 359 m. Mean annual rainfall in the area is
354 mm.

Mapping results. The Sagole Big tree consists of a very large unit,
which is multi-stemmed and heavily buttressed; it also has two additional
leaning stems (Figure 1). It has a maximum height of 19.8 m, the circumference
at breast height (cbh; at 1.30 m above ground level) is 34.35 m and the basal
footprint of 60.6 m?2, which corresponds to a formal diametre of 9.64 m.

Figure 1. General view of the Sagole Big tree taken from the west.

The overall wood volume is 414 m?3, out of which 252 m3 below 5 m
and 162 m3 above 5 m. After the recent splits of Platland tree, which had a
total wood volume of 501 m? [16], the Sagole Big tree becomes the largest
African baobab (Figure 2). The canopy has a total volume of 16,032 m? and
a total surface of 134 m3, which corresponds to a mean crown diametre of
42.7 m.
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Sagole Baobab

Stem cross-sections

Basal Footprint
60.6 m*

Volume below 5 m
252 m?

Total volume
414 m?

5
(partial) (partial)

Figure 2. Cross sectional areas of the trunk/stems of Sagole tree at different
heights (ground level, 1T m,2m, 3 m, 4 mand 5 m).

The Sagole Big tree has a closed ring-shaped structure with a false
cavity inside the large unit. The large unit consists of six fused main stems, out
of which four build the ring and two are outside the ring. By also considering
the two leaning stems, the Sagole baobab consists of eight stems.

The main part of the false cavity, which is covered by bark, has a
length of 2.20 m (NS) and a width of 2.70 m (WE); the maximum height is
7.41 m and the basal surface 4.8 m2. The cavity also has an appendix toward
the north, which is 1.10 m long, has a maximum width of 0.70 m and is not
accessible. The entrance into the cavity is possible from the south via a small
corridor with a length of 1.30 m, a width between 0.70 and 1.00 m and a
height of 3.90 m (Figure 3). Similarly to other false cavities, the cavity of
Sagole tree is only an empty space between the stems that build the ring.
This space which was never filled with wood becomes smaller over time, due
to stem growth. There is also a kind of extension toward the south between
the two leaning stems, like an uncovered aisle, with a length of 4.36 m and a
width of 1.07 m at its end.
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Figure 3. Cross-section of the Sagole tree (at 1 m above ground),
showing the position of the false cavity, the positions of the
five sampling points and the sampling directions.

Wood samples. Three wood samples (labelled 1-3) were collected from
the northern and western walls of the false cavity, at low heights between
0.33 and 0.40 m. The sample lengths were 0.56, 0.33 and 0.30 m. Other two
samples (labelled 11 and 12) were collected from the western and eastern
wallls of the cavity, at greater heights of 1.36 and 1.30 m. These samples were
0.64 and 0.43 m long. A number of 13 small pieces/segments, each of the
length of 0.001 m (marked as a, b, c), were extracted from determined positions
of the five samples.

AMS results and calibrated ages. Radiocarbon dates of the 13 segments
are listed in Table 1. Radiocarbon dates and errors were rounded to the nearest
year. The radiocarbon dates are expressed in '“C yr BP (radiocarbon years
before present, i.e., before the reference year ad 1950). Calibrated (cal) ages,
expressed in calendar years, are also displayed in Table 1. The 1-0 probability
distribution was selected to derive calibrated age ranges. For five sample
segments, the 1-o distribution is consistent with only one range of calendar years.
For the other eight sample segments, the 1-o distribution is consistent with
two or three ranges of calendar years. For these eight segments, the confidence
interval of one range is considerably greater than that of the other(s); therefore, it
was selected as the cal AD range of the segment for the purpose of this
discussion. For obtaining single calendar age values of sample segments, we
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derived a mean calendar age of each segment from the selected range
(marked in bold). Calendar ages of segments represent the difference between
AD 2017 and the mean value of the selected range, with the corresponding

error. Calendar ages and errors were rounded to the nearest 5 yr.

Table 1. AMS Radiocarbon dating results and calibrated calendar ages of
samples/segments collected from the Sagole baobab.

Sample Depth' |Radiocarbon date Cal AD range Sample age
(Segment) | [height?] [error] 1-0 [error]
(102 m) (**C yr BP) [confidence interval] (cal yr)
1a 20 195 [+ 23] 1670-1696 [20.6%] 260 [t 30]
[33] 1725-1784 [38.2%)]
1794-1808 [9.4%]
1b 46 390 [+ 18] 1478-1509 [28.0%] 415 [+ 20]
[33] 1580-1621 [40.2%)]
1c 56 480 [+ 25] 1436-1458 [68.2%)] 570 [+ 10]
[33]
2a 21 197 [+ 26] 1668-1696 [19.2%] 260 [t 30]
[33] 1725-1786 [39.7%]
1793-1808 [9.4%]
2b 33 275 [+ 21] 1640-1668 [68.2%)] 365 [+ 15]
[33]
3a 10 227 [+ 18] 1667-1672 [6.2%)] 250 [+ 25]
[40] 17411796 [42.0%)]
3b 20 335 [+ 27] 1510-1576 [52.0%] 475 [+ 35]
[40] 1622-1640 [16.2%]
3c 30 436 [+ 21] 1452-1490 [68.2%)] 545 [+ 20]
[40]
11a 20 270 [+ 19] 1644-1668 [68.2%)] 360 [+ 10]
[136]
11b 40 530 [+ 25] 1419-1442 [68.2%] 590 [+ 10]
[136]
11c 64 781 [+ 29] 1234-1244 [12.2%] 740 [t 15]
[136] 1264-1291 [56.0%]
12a 25 212 [+ 20] 1670-1688 [8.8%)] 260 [t 25]
[130] 1734-1784 [53.8%]
1794-1800 [5.6%)]
12b 43 333 [+ 24] 1510-1551 [37.0%)] 485 [+ 20]
[130] 1558-1574 [12.4%]
1622-1642 [18.8%]

" Depth in the wood from the sampling point.
2 Height above ground level.
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Dating results of samples (segments). We extracted and dated two or
three segments from each sample. For all five samples, the ages of segments
increase with the distance into the wood. Consequently, the oldest segments
were extracted from the sample ends. For the first three samples collected at
lower heights, labelled 1-3, the oldest dated segments, i.e., 1c and 3c, correspond
to distances of 0.56 m and 0.30 m into the wood. Their radiocarbon dates of
480 £ 20 and 436 + 21 BP correspond to calibrated ages of 570 + 10 and 545 +
20 calendar yr. For samples 11 and 12 collected at greater heights, the oldest
segment 11c, which is also the deepest, was positioned at 0.64 m from the
sampling point. Its radiocarbon date of 781 + 29 BP corresponds to a calibrated
age of 740 £ 15 calendar yr.

Architecture and age of the Sagole tree. For the five samples collected
from the cavity, the age values increase with the depth into the wood. This
anomaly is characteristic only to false cavities. We already mentioned that the
Sagole baobab has a closed ring-shaped structure with a false cavity inside
the ring.

The tree is composed of a large unit, which consists of six fused main
stems, and two leaning stems.

For baobabs that exhibit a closed ring-shaped structure, the oldest
stems are always around the false cavity. The oldest dated sample segment
11c has an age of 740 = 15 yr. The segment originates from a distance of
0.64 m from the inner cavity walls. In this area, the depth of the cavity walls
was of 1.60 m. Taking into account our previous research on age sequences
along samples collected from stems that build the ring, we consider that
the position of segment 11¢ was close to the point of maximum age in the
corresponding direction. Therefore, we estimate that in the point of maximum
age, this stem has an age of 800-900 yr, i.e., 850 + 50 yr. The age of the two
stems of the large unit which grow outside the ring, as well as the age of the
two leaning stems, that have not been dated, must be considerably lower
than the ring, probably up to 500-600 yr.

The age of 800-900 yr for the oldest part of Sagole tree determined via
radiocarbon dating, is considerably younger than the age values proposed by
other tree researchers. Such high values were suggested by considering the
girth of the baobab, which is exaggerated by the buttresses and especially by the
leaning stems, but also by the overall size which is due to the large number
of stems that build the tree. On the other hand, the age we determined for
the Sagole tree is comparable to the age of the large unit of the Platland tree,
which toppled and died recently [16]. Finally, we mention that the largest trees
are usually not the oldest. The largest specimens are those which had grown very
fast when they were young and continued their rapid growth [5].
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CONCLUSIONS

The research discloses the main results of the radiocarbon investigation
of a giant African baobab, the Sagole Big tree, located in the Limpopo Province,
South Africa. The main aim of the research was to determine the architecture
and age of the baobab, as well as its accurate size. With a total wood volume
of 414 m3, the Sagole Big tree has just become the largest known African
baobab. Five wood samples were collected from the walls of its inner cavity.
The age values of segments extracted from these samples increase with the
distance into the wood. This anomaly is specific to false cavities. The oldest
sample segment had a radiocarbon date of 781 + 29 BP, which corresponds
to a calibrated age of 740 + 15 calendar yr. Based on dating results and
accurate measurements, we consider that the oldest part of the Sagole baobab
has an age of 800-900 yr. The tree exhibits a closed ring-shaped structure with a
false cavity inside. It consists of a large six-stemmed unit and of two additional
leaning stems.

EXPERIMENTAL SECTION

Measurements. The external measurements of the Sagole Big tree
and the measurements inside the inner cavity was performed by using a
Bosch DLE 70 Professional laser rangefinder (Robert Bosch GmbH, Stuttgart,
Germany) and graduated tapes. Cross-sections of the baobab at ground
level, 1, 2, 3, 4 and 5 m were mapped by setting up a frame around the tree with
a graduated tape. A compass and an Impulse 200 laser rangefinder (Laser
Technology, Inc., Centennial, CO, U.S.A.) were used to map the cross-sections.
Additional cross-sections on the largest section were mapped at 6.5 and 8 m.
All of the mostly round branch and stem sections above or around this had
their basal diameters estimated by using a Criterion 400 survey laser (Laser
Technology, Inc., Centennial, CO, U.S.A.). System lengths were either measured
directly or interpreted from detailed photos of the tree structure without leaves.
Parabolic or conic equations were used for these smaller systems based on how
robust and foliated each system was.

Sample collection. The wood samples were collected from the false
cavity walls in the time frame 2008-2011, by using Hagloéf CH 600 (0.60 m long,
0.0054 m inner diametre) and Haglof CH 800 (0.80 m, 0.0108 m) increment
borers. A number of tiny pieces/segments of the length of 0.001 m were extracted
from each wood sample. The segments were processed and investigated by
AMS radiocarbon dating.
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Sample preparation. AMS measurements. See our first article in this
issue [16].

Calibration. Radiocarbon dates were converted into calendar ages with
OxCal v4.2 for Windows [17], using the SHCal13 atmospheric set [18].
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N'-BENZYLIDENE-N-(THIAZOLYL)ACETOHYDRAZIDE
DERIVATIVES: SYNTHESIS AND ANTIMICROBIAL
ACTIVITY EVALUATION

ADRIANA GROZAV?, BOGDAN STANCU®*, COSMINA BOARI®,
FLORE CHIRILA®, NICODIM FIT®, CASTELIA CRISTEA®

ABSTRACT. A series of new N“-benzylidene-N-(thiazolyl)acetohydrazide
derivatives was obtained by the acetylation of 2-(2-benzylidenehydrazinyl)thiazole
derivatives using acetic anhydride. The antimicrobial activity of the new and parent
compounds was screened against Gram-positive and Gram-negative bacteria
using agar well diffusion method. 4-Methyl-2-[2-(4-hidroxibenzylidene)-hydrazinyl)-
thiazole was identified as the most efficient, with a broad activity spectrum against
both Gram positive and Gram negative bacteria.

Key words: acetohydrazide, thiazole, antimicrobial

INTRODUCTION

The screening of antibacterial activity of novel synthetic compounds
keep on as an evolving research enquiry for the development of effective
and safe antimicrobial agents. Antibiotics resistance developed by bacteria
became a significant concern in health, medical and environmental area, due
to the fact that it may turn out to be a major threat for individuals with poor
immune systems. For instance, the diabetic foot ulcer complicated by bacterial
infections is in 50% of the cases responsible for reducing the life quality of
the patients, amputations and morbidity [1].
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1,3-Thiazole heterocyclic unit appeared in the structure of several
synthetic hydrazine derivatives with diverse biological activity, e.g. anti-
inflamatory [2], antimicrobial [3-7], anticonvulsant [8], anti-tumor [9], antifungal
[10,11], or antioxidant representatives [12,13]. Continuing our studies devoted
to the chemical synthesis of new thiazole derivatives [14-19], in this work we
report four new N'-benzylidene-N-(thiazolyl)acetohydrazide derivatives. The
antimicrobial activity screening against several Gram positive and Gram
negative bacteria strains reported in this study included both the newly
synthesized (thiazolyl)acetohydrazide derivatives and the parent 2-(2-
benzylidenehydrazinyl)thiazole derivatives which were previously synthesized by
Hantzsch condensation of arylidene-thiosemicarbazones with a-halogenocarbonyl
derivatives [14]

RESULTS AND DISCUSSIONS

The acylation of 2-(2-benzylidenehydrazinyl)thiazole derivatives 1a-d
with acetic anhydride in the presence of catalytic amounts of pyridine afforded
the new N'-benzylidene-N-(thiazolyl)acetohydrazide derivatives 2a-d in high
yields (scheme 1). The structure of the new compounds was unambiguously
assigned based on spectroscopic data and elemental analysis.

Rs
1 Ac,0 / Py /Ni
G N_< 1309C ﬁzN_T{S
COCHs Rs
Rz 1a-d Rz 2a-d

1,2 a b c d

Ri H H cl OH
R2 H H Cl H

R3 CesHs CHs CHs CHs
Ra H COCHs3 COCHs H

Scheme 1. Synthesis of N-benzylidene-N-(thiazolyl)acetohydrazide derivatives

The antimicrobial activity of 1a-d and 2a-d was tested in vitro against
20 bacterial strains isolated from human venous leg ulcers secretions samples,
from patients admitted to Emergency Clinical Hospital Cluj County. In Table 1 are
summarized the values of the inhibition zones determined by agar well diffusion

366



N-BENZYLIDENE-N-(THIAZOLYL)ACETOHYDRAZIDE DERIVATIVES...

method. A structure-activity correlation between the in vitro antimicrobial activity
and the structural modifications associated to the substitution pattern of the
phenyl ring (unsubstituted, o,p-dihalogenated, p-hydoxilated), or the thiazole ring
(4-phenyl, 4-methyl, 5-acetyl) can be observed.

Table 1. Antimicrobial activity of 1a-d and 2a-d determined
by diffusion method — inhibition zones (in mm)

Ncl)l::ro Mean of the inhibition zone diameter [mm]
st,-gin 1a 2a 1b 2b 1c 2c 1d 2d Positive
control"
1] 6.10 6.21 6.13 0 0 0 17.18 0 0
22 6.12 8.23 | 1251 | 10.14 0 0 11.48 0 27.16
3 0 0 0 0 0 0 13.52 0 25.02
42 8.12 6.21 7.63 7.31 0 0 19.72 0 14.77
5% 6.14 0 0 6.32 0 0 14.93 | 11.69 0
62 0 0 6.45 6.12 0 0 12.34 0 9.66
7°| 6.85 7.01 6.04 6.95 0 0 15.35 | 14.12 0
87 6.10 6.13 6.15 6.21 0 0 18.01 0 9.81
9?1 6.01 6.02 6.05 6.46 0 0 18.13 0 7.35
10°| 6.89 6.21 7.03 6.75 0 0 15.64 0 11.97
11 6.45 6.09 6.08 6.01 0 0 19.24 0 16.63
12 6.12 6.78 8.34 8.02 0 0 16.35 0 15.57
13°] 8.25 8.86 9.34 9.21 0 0 11.44 0 0
14°| 6.04 7.64 8.05 8.56 0 0 20.91 0 18.12
159 7.86 7.03 | 11.56 | 14.31 0 744 | 15.54 8,32 16.52
169 7.86 6.28 8.12 9.43 0 0 14.97 0 14.33
179 7.24 7.01 6.98 7.21 0 0 15.88 0 21.24
18° 7.08 6.03 6.87 7.21 0 0 20.48 0 27.10
19 6.74 7.15 6.98 712 0 0 8.24 0 0
209 7.21 8.31 7.28 7.25 0 0 8.34 0 0

aMicroorganisms strains: 2Staphylococus aureus; *Staphylococus epidermidis; °Trueperella
pyogenes; 9Bacillus licheniformis; °Pediococcus pentosaceus, 'Enterococcus faecium;
9Pseudomonas aeruginosa. " Amoxicilin 30 ug

DMSO did not produced any inhibition zone.

Inhibition zone diameter larger than 7mm indicates susceptibility of
the microorganism to the tested compounds.

Moderate susceptibilities of the microorganisms to compounds containing
a 2-substituted thiazole ring (1a, 2a) as well as 2,3-disubstituted thiazole
ring 1b, 2b can be observed in table 1, with the exception of a noticeable
activity of 1b, 2b against S. aureus strain 2 and B. licheniformis strain 15. In
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these cases, the structural modification introduced by acetylation of the hydrazide
unit did not cause a major modification of the antimicrobial activity in comparison
to the parent compounds.

According to our experimental results, all the tested microorganisms
proved to be resistant to the o,p-chlorinated derivative 1¢ (which did not
produce any inhibition zone) as well as to its acetyl derivative 2¢, with one
exception for B. licheniformis strain 15 which displayed in vitro susceptibility.

As it may be seen from Table 1, all the tested microorganism strains
appeared highly susceptible to the hydroxy derivative 1d, which produced
the largest growth-inhibition zones (8.24-19.72 mm); in many cases 1d proved
to be more efficient than the standard antibiotic Amoxicillin which was used in our
experiments as a positive control. Microorganism strains 5, 13, 19, 20 proved to
be resistant to amoxicillin, appeared largely susceptible to 1d.

The acetylation of the hydrazide unit of 1d caused the suppression
of antimicrobial activity in relation to the majority of the tested microorganisms
(only S aureus stains 5, 7 and B. licheniformis strain 15 appeared susceptible to
2d).

The structural modifications brought by different substitution patterns of
the tested compounds also contributed to the variation of their polarity and
distribution on the Mueller Hinton agar, thus affecting the in vitro experimental
results. The formation of hydrogen bonds between p-hydroxyphenyl derivative
and agar may had favorize the increase of the susceptibility results recorded in
the case of 1d.

CONCLUSIONS

The acylation of 2-(2-benzylidenehydrazinyl)thiazole derivatives can
be conveniently performed using acetic anhydride in the presence of
catalytic amounts of pyridine.

The antimicrobial activity of the new N-benzylidene-N-(thiazolyl)
acetohydrazide derivatives and their parent 2-(2-benzylidenehydrazinyl)thiazole
derivatives tested in vitro by agar well diffusion method against 20 bacterial
strains isolated from human samples indicated 4-methyl-2-[2-(4-hidroxibenzylidene)-
hydrazinyl)-thiazole 1d as the most efficient, with a broad activity spectrum
against both Gram positive and Gram negative bacteria. All the microorganisms
tested proved to be resistant to 5-acetyl-4-methyl-2-[2-(2,4-dichlorobenzylidene)-
hydrazinyl)-thiazole 1¢. The acetylation of the hydrazide unit mainly suppressed
or reduced the antimicrobial activity of the 2-(2-benzylidenehydrazinyl)thiazole
derivatives.
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EXPERIMENTAL

Melting points were determined on open glass capillaries using an
Electrothermal IA 9000 digital melting point apparatus. The mass spectra
were recorded using a Varian MAT-311A. The 'H-NMR spectra were
recorded with Bruker WM-400 spectrometer in the CDCIls. The quantitative
elemental analyses were recorded using an Vario EL analyser.

Chemical Syntesis

2-(2-Benzylidenehydrazinyl)thiazole derivatives 1a-d were prepared
according to our previously reported procedure [14].

General procedure of acetylation of
2-(2-Benzylidenehydrazinyl)thiazole derivatives

Hydrazinothiazole (1a-d) (2 mmol) was treated with acetic anhydride (2
ml) and catalytic amounts of pyridine. The resulting mixture was heated at reflux
for 5 minutes and further concentrated under reduced pressure. The product was
precipitated by adding ethanol. The obtained solid was recrystallized from ethanol.

N'-benzylidene-N-(4-phenylthiazol-2-yl)acetohydrazide 2a

Brown crystals, yield 2.4 g, 75%; m.p. 152-153 °C; MS (El) m/z: 321
(M*); 279; 176; 134; 77; 43 (100%);

Calcd. for: C1gH15N30S, C, 67.27; H, 4.70; N 13.07; Found: C, 67.32; H,
4.75; N, 13.05; '"H-NMR (400MHz, CDCls) & ppm: 2.67 (s, 3H, CHa), 6.85 (s, 1H,
Th-CH), 7.41-7.49 (m, 6H, ArH), 7.74 -7.9 (m, 4H, ArH), 8.95 (s, 1H, CH=N).

N-(5-acetyl-4-methylthiazol-2-yl)-N"-benzylideneacetohydrazide
2b Yellow crystals; yield 2.26 g, 76%; m.p. 134-135 °C; MS (EIl) m/z: 301
(M*); 258; 224; 197; 104; 77; 43 (100%); '"H-NMR (400MHz, CDCl3) & ppm:
2.26 (s, 3H, CHa), 2.56 (s, 3H, CHs), 2.68 (s, 3H, CH3), 7.48-7.54 (m, 3H, ArH),
7.82 (d, 3J=8.2 Hz, 2H), 9.19 (s, 1H, CH=N ). Calcd. for: C1sH15N30.S, C,
59.78; H, 5.02; N 13.94; Found: C, 60.32; H, 5.10; N, 13.96;

N-(5-acetyl-4-methylthiazol-2-yl)-N'<(2,4-dichlorobenzylidene)aceto-

hydrazide 2¢

White-yellow crystals; yield 2.69 g, 73%, m.p. 207 °C, MS (El) m/z:
369/371 (M\M*?); 327; 292; 198; 183; 156; 141; 71; 43 (100%); 'H-NMR
(400MHz, CDCIz) & ppm: 2.44 (s, 3H, CHzs), 2.61(s, 3H, CHz3), 2.75 (s, 3H,
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CHs), 7.52 (d, 3J=8.1 Hz, 1H, ArH), 7.71 (s, 1H, ArH), 7.98 (d, 3J=8.1 Hz,
1H, ArH), 9.24 (s, 1H, CH=N). Calcd. for: CsH13CI2N30.S, C, 48.66; H,
3.54; N 11.35; Found: C, 48.72; H, 3.61; N, 11.56;

N-(4-hydroxybenzylidene)-N-(4-methylthiazol-2-yl)acetohydrazide 2d:
White crystals; yield 1.96 g, 72%, m.p. 105-106 °C, MS (El) m/z: 275 (M*); 233;
156; 114; 106; 43 (100%); '"H-NMR (400MHz, CDCl3) & ppm: 2.24 (s, 3H,
CHa), 2.68 (s, 3H, CHs3), 4.96 (bb, 1H, OH ), 6.33 (s, 1H, Th-CH), 6.92 (d,
2H, 3J = 8.1 Hz), 7.58 (d, 2H, 3J = 8.1 Hz), 7.97 (s, 1H, CH=N); Calcd. for:
C13H13N302S, C, 56.71; H, 4.76; N 15.26; Found: C, 56.82; H, 4.83; N,
15.28;

Antimicrobial test
Agar well diffusion method

The in vitro antimicrobial activity of 1a-d and 2a-d was conducted by
the routine agar well-diffusion method, similarly to the procedure used in
disk-diffusion method according to the Clinical and Laboratory Standards
Institute (CLSI) CLSI-M02-A10 (2009) as described by Markey et co.,[20]
with some modification depending on the tested products.

In this study, a total of 20 bacterial strains collected from patients
admitted to Emergency Clinical Hospital Cluj County were isolated from human
venous leg ulcers secretions samples as follows: ten strains of Staphylococus
aureus, two strains of Staphylococus epidermidis, two strains of Trueperella
pyogenes, three strains of Bacillus licheniformis, one strain of Pediococcus
pentosaceus, one strain of Enterococcus faecium and one strain of Pseudomonas
aeruginosa strains. Characterization of the pathogens was based on the classical
phenotype: morphological, cultural and biochemical methods and for identification
an automated microbiology system VITEK 2 compact, bioMérieux was used.

The bacterial strains were inoculated separately on nutrient agar plate
(Merck, Germany) and incubated at 37+2°C for 24 hours.

Than a standardized inoculum of the tested microorganism with an
optical density adjusted to a 0.5 McFarland turbidity standard (approximately
108UFC/ml) in a sterile saline solution were prepared. The Mueller Hinton agar
plates (Merck, Germany) were than inoculated by spreading a volume of 500 pl
the microbial suspension over the entire agar surface. After the plates dried
at 35°C for 15-20 minutes seven radially hole with a diameter of 5 mm were
punched aseptically and a volume of 25 pL of the synthetic compounds
solution in DMSO at 100 mM concentration were disposed into each well. As a
negative and positive control DMSO (Dimethyl Sulfoxide) and Amoxicillin 30 pg/ml
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were used. The Petri dishes were incubated in an aerobic atmosphere at
37x2°C for 48 hours. All the procedures were carried out in duplicates, then
the diameter of the inhibition zones (in mm) was measured with electronic
caliper with digital screen.

The rights of the patients regarding the confidentiality of personal
information were respected in agreement to Helsinki declaration of Ethical
Principles for Medical Research Involving Human Subjects.
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ABSTRACT. Aromatic plants are widely used in food preparation for aroma and
fragrance, but they are also a good source of amino acids and fatty acids. Three
indigenous species, Basil (Ocimum basilicum), mint (Mentha piperita) and
sage (Salvia officinalis) which are traditionally used in medicine and food,
were characterized and compared in terms of volatile extracts, amino acids,
fatty acids contents and antioxidant activities. The gas chromatographic—-mass
spectrometry (GC—-MS) method is a suitable technique for the characterization
of the compounds of the herbs extracts. Antioxidant activity was measured
using extracts ability to scavenge DPPH radicals. Linalool was found the major
compound in basil, menthol in mint and a-thujone in sage. The dominant
amino acids identified in the plants extracts were glutamic acid and aspartic
acid in basil and mint, while proline was found in high concentration in sage
and mint. The total free fatty acids (TFA) were highest in mint, followed by sage
and basil. The essential omega 3 alpha-linolenic acid (ALA) was identified in all
three extracts. All samples exhibited antioxidant activity, sage extract having the
highest antioxidant activity.

Keywords: Ocimum basilicum, Mentha piperita, Salvia officinalis, volatile
compounds, amino acids, fatty acids.

INTRODUCTION

Basil (Ocimum basilicum), mint (Mentha piperita) and sage (Salvia
officinalis), belonging to the Lamiaceae family, are medicinal plants and culinary
herbs due to their delicate aroma and fragrance. Basil, one of the most important
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and wildly used spices, has been shown to have antioxidant, antibacterial,
and anti-diarrheal activities [1]. Mint (Mentha piperita) has anti-inflammatory,
cytotoxic and antioxidant activities [2]. Sage (Salvia officinalis) has a savory,
peppery flavor and is used as condiment. Sage’s studies in healthy humans
have demonstrated improved memory, attention/executive function, alertness
and mood, improved cognitive functioning and behavioral function [3-5]. It can be
used also in treating digestive disorders such as poor digestion and bloating.

Herbs are often used in our food as condiments, tea or in pharmaceutical
extracts. Most of these herbs are investigated for their nutritional and
pharmaceutical properties. The optimization of micronutrients in our food is
very important. Amino acids play an important role in human nutrition. The level
of essential amino acids dictates food nutritive value. The free amino acids have
an important effect in food flavor, influence its palatability, and contribute to
the formation of amines and volatile compounds. Omega-3 fatty acids
supplementations in humans have beneficial effects on subjective global
assessment score and metabolic profiles. Amino acids, fatty acids and
qualitative chemical composition of herbs may be influenced by environmental
and geographical conditions.

The aim of investigations was to determine the differences between
three herbs purchased from Romania with respect of the essential amino
acids and fatty acids present in this herbs often used as tea or condiments.
Also their volatile compounds and antioxidant activity were compared.

For the characterization of the compounds in herbs extracts, gas
chromatography-mass spectrometry (GC-MS) analysis is a suitable technique.
Amino acids and fatty acids were first derivatizated to obtain trifluoroacetyl
ester derivatives in the case of amino acids [6-11] and fatty acids methyl esters
(FAMEs) for free fatty acids [12-17]. Antioxidant activities of extracts were
also compared.

RESULTS AND DISCUSSION

In the present work we have evaluated and compared the chemical
composition of volatiles, amino acids and fatty acids contents in three herbs
species: basil, mint and sage. For compounds characterization of herbs
extracts, different approaches involving extraction methods, purification by
ion exchange technique in the case of amino acids, derivatization steps and
gas chromatography-mass spectrometry (GC-MS) analysis were applied.

For the amino acids and fatty acids analysis, the methods were validated
injecting standard solutions of amino acids and fatty acids respectively. Samples
are following the same derivatization procedure as standards. Good values
for linearity, precision, accuracy and limit of detection were obtained [6].
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The quantitative method gave a good linearity regression curve,
obtained with standards with known concentration of each amino acid, in the
range 0-100ugxmL-" and by adding the same quantity of internal standard
(50ugxmL). The internal standard, 'N-glycine, (99 atom % 'N) and glycine
required correction by deconvolution and matrix calculation. Fractional isotopic
abundances for natural glycine and isotopomer were obtained experimentally
[8,9] (Table 1).

Table 1. The matrix design (left) and the pseudoinverse
matrix (right) used for glycine calculation [6]

Glycine [M] [M+1] Glycine [M] [M+1]
n.a. 0.95 0.05 n.a. 1.05 -0.05
15N 0.01 0.99 15N -0.01 1.01

Glycine was calculated by matrix and regression curve calculation.
Precision and accuracy for glycine, measured for standards of 20 and 30
pugx mL' (n=7), showed very good results, lower than 6% and respectively
11%.

Method validation, using amino acid standards following the extraction
and derivatization procedure (n=3), gave good results. The regression curves
for each aminoacid standard were studied between of 0 and 150 mgxmL-,
and the same quantity of internal standard was added. Good linearity
results for amino acids were found, the regression coefficient over 0.99 for
Ala, Gly,Thr, Ser, Leu, lle, Pro, Orn and higher than 0.97 for the other
standards. The precision and accuracy were lower than 20%, for standards
of 60 and 80 mgxmL-', respectively. The limits of detection (LODs) ranged
from 10-3for alanine, glycine, ornithine, and leucine to 102 mg mL™".

The volatile extracts of basil gave as major compounds: linalool
(26.13%), estragole (21.16%), caryophyllene (10.13%) and limonene (8.18%).
Sage gave as major compounds: a-thujone (25.08%), camphor (20.46 %),
eucalyptol (13.85 %) and B-thujone (13.37 %) (Fig.1). In mint, the major
compounds were menthol (37.7%), isomenthone (15.97%), eucalyptol (5.44%)
and menthofuran (4.8%) (Fig. 2).
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Figure 3. GC-MS separation and identification of amino acids
present in mint extract

Fig. 3 presents the total ion chromatogram (TIC) of amino acids
separated and identified in mint extract. NIST library was used for compounds
identification. The elution order was: alanine (Ala), glycine (Gly), threonine (Thr),
serine (Ser), valine (Val), leucine (Leu), isoleucine (lle), y-aminobutiric acid
(GABA), proline (Pro), methionine (Met), aspartic acid (Asp), phenylalanine
(Phe), ornitine (Orn), glutamic acid (Glu), lysine (Lys), tyrosine (Tyr).

The dominant amino acids identified were glutamic acid and
aspartic acid in basil and mint and proline content was higher in sage and
mint. We found that in sage, proline, glutamic acid, gama-aminobutiric acid,
alanine, valine and glycine were important quantitatively. The highest free total
amino acids were observed in mint and sage, over 1 mg.-g™! (Fig.4). Fig. 5
presents the ratio EAA/TAA (essential amino acids/total amino acids) which is
higher in basil, followed by mint and sage. The highest concentration of essential
amino acids were found in mint (1.07mg.g™"), followed by sage (0.33 mg.g™)
and basil (0.1 mg.g™") (Table 2, Fig. 6).

Analyzing the fatty acids content in these three herbs, essential omega
3 alpha-linolenic acid (ALA) were identified and the highest content was
found in basil, followed by sage and mint. Also, the total free fatty acids
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(TFA) content was determined in basil (72.8 mg.g'), mint (13.3 mg.g') and
sage (98.8 mg.g"). The unsaturated fatty acids (UFA) and polyunsaturated
fatty acids (PUFA) were analyzed, the content been higher in sage and basil in
comparison with mint. The ratio UFA/SFA was higher in basil and mint, followed
by sage (Table 3, Fig. 8).
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Basil

EAA

Sage

Mint

Figure 6. Comparison of essential amino acids in the three herbs extracts (mg.-g™')

Table 2. Amino acids values, in mg.-g™', in the analyzed herbs

AA/Herbs Basil Mint Sage
Ala 0.04 0.22 0.32
Gly 0.07 0.09 0.09
Thr* 0.01 0.09 0.04
Ser 0.02 0.14 0.04
Val* 0.01 0.34 0.10
Leu* 0.02 0.18 0.04
lle* 0.01 0.19 0.05
GABA 0.01 0.38 0.12
Pro 0.02 1.01 1.68
Met* 0.00 0.04 0.01
Asp 0.12 1.28 0.15
Phe* 0.01 0.12 0.03
Orn 0.01 0.01 0.01
Glu 0.11 4.81 1.26
Lys* 0.03 0.10 0.07
Tyr 0.02 0.06 0.04
TAA 0.51 9.07 4.03
EAA 0.10 1.07 0.33
EAA/TAA 0.19 0.12 0.08
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The identified fatty acids separated as FAMEs in the mint extract is
presented in Fig.7. The omega-3 linolenic acid was the highest concentrated
fatty acid determined in each herb extract.
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Figure 8. Linolenic acid and UFA/SFA ratio comparison in the herbs studied
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Table 3. Free fatty acids(FA) values, in mg.-g™', in the analyzed herbs

FA Basil Mint Sage
C16:1 0.12 0.18 0.60

C16:0 712 1.44 13.65
C18:2 23.89 1.44 15.36
C18:3 38.39 9.55 58.11
C18:0 2.66 0.37 3.54

C20:0 0.26 0.13 4.33

C22:0 0.13 0.13 1.81

C24:0 0.18 0.04 1.38
omega6/omega3 0.62 0.15 0.26
MUFA 0.12 0.18 0.60
UFA 62.41 11.18 74.06
SFA 10.35 2.11 24.70
PUFA 62.28 11.00 73.46
UFA/SFA 6,03 5,30 3,00
TFA 72,76 13,29 98,76

Antioxidant activity was determined using DPPH scavenging activity.
All three herbs ethanolic extracts showed an antioxidant activity. Sage and
mint extracts proved to have a very high antioxidant potential, while basil
showed a moderate antioxidant potential. The half maximal effective concentration
(ECxo) for each type of extract was determined. The most antioxidant extact was
sage extract (ECso= 8.22 pug*mL™), followed by mint extract ECs,=13.65 ug*mL-",
and basil extract EC5=112.58 ug*mL. The procentage of DPPH scaveging
activity at 50 ug*mL" of each plant extract, after 30 minutes was determined
and the highest value was obtained in sage extract (92.26%) followed by mint
extract (88.66%) and basil extract (24.28%).

Comparing the DPPH scavenging activity of these three plants
extracts with plants extracts from other geographical sources, showed that
we have obtained similar results. Our sage extract (92.26%), from Targu
Mures area, proved to have comparable DPPH scavenging activity with other
sage extracts from different Romanian sources (85.12%) [18], but higher then
methanolic extract from Tunisia. (EC50=29.33 pg*mL") [19]. Mentha piperita,
from Targu Mures (ECsp=13.65 ug*mL-") area, exhibits a lightly higher activity
then Mentha piperita from Northeastern Algeria (ECs0=17.00ug*mL-") [20],
while DPPH scavenging activity of our mint ethanolic extracts (88.66%) showed
higher activity than diethylether mint extract from Saudi Arabia (34.21%) [21].
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The EC 50% of our Ocimum basilicum etahnolic extract (EC50=112.58 ug*mL-")
showed comparable activity with other ethanolic basil extract from different
Romanian sources (ECs0=124.95 ug*mL-") [22], while aqueous basil extract
from Serbia (ECs=17.93 pg*mL-") showed a powerful scavenging activity [23].

DPPH scaveging activity

1C0 A
80 A
60 -

%

Ly 4

20 A

Bas| Sage Mint

Figure 9. DPPH scavenging activity of ethanolic herbs extracts (50 yg*mL-")

CONCLUSIONS

The GC-MS is a suitable technique for the characterization of the
compounds of the herbs extracts. The validation parameters: linearity,
correlation coefficients, precision, accuracy, in the range of interest, were
good. Isotopic dilution by using a labeled internal standard increased
precision and avoids the overlapping of analyzed compounds. The methods
are useful for nutrient and diet control. The compounds identified in the
herbs studied are characteristic for the odour or aroma of these plants.

The highest free total amino acids were observed in mint and sage
(>4 mg.-g"). Proline was higher in sage and mint. The presence of omega 3
fatty acid is very important for healthy and the highest quantity was found in
sage, followed by basil and mint. Sage and mint extract proved to have a
high and comparable antioxidant activity, while basil extract have a moderate
antioxidant activity.
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EXPERIMENTAL SECTION
Materials and methods

Plants, basil (Ocimum basilicum), mint (Mentha piperita) and sage
(Salvia officinalis), were purchased from Botanical Garden of Targu Mures,
Transylvania, Romania. All reactive and standards were purchased from
Merck (Darmstadt, Germany).

GC-MS apparatus

A DSQ Thermo Finnigan Proanalysis, Bucharest, Romania
quadrupole mass spectrometer coupled with a Trace GC was used. Gas
chromatography was performed on a 5% phenyl methylpolysiloxane Rix-
5MS capillary column, 30 m x 0.25 mm, 0.25 ym film thickness in a suitable
temperature program. In the case of amino acids separation the program
was: from 70 °C, 2 min, 5 °C/min to 110 °C, 10 °C/min to 290 °C, 16 °C/min
to 300°C. [1]. The temperature program for FAMEs and volatiles separation
was: 50°C for 2 min rising with a rate of 8°C/min at 310°C (8 minutes).
Helium was used as carrier gas at a flow rate of 1 mL/min. 1uL of each
sample was injected into the GC-MS using the split mode (10:1) using a TriPlus
autosampler (Proanalysis, Bucharest, Romania). The mass spectrometer was
operated in EI mode at 70 eV, emission current was 100pA and mass spectra
mass range 50-500 a.m.u. Transfer line temperature was set at 250°C, injector
at 250°C and ion source at 250°C. Antioxidant activity was determined using a
Varian Cary 50 Spectrophotometer.

Extraction procedures

For extraction and derivatization of amino acids, 100 mg of crushed
leaves were extracted with 1 ml of 6% trichloroacetic acid in a ultrasound
bath for 5 min. The mixture was centrifuged for 5 min at 6000 rpm and
supernatant was collected for purification. 0.5 ml of the supernatant and 50 ug
['*N]-glycine (internal standard) was passed through a Dowex 50W-W8
exchange resin, 4 x 40 mm column (activated). The collected solution was
dried in a nitrogen flow at 60°C or by using a vacuum centrifuge at 60°C.
The derivatization method included an esterification of the carboxylic function
using 200 pl butanol : acetyl chloride (4:1 v/v), for 1 h at 110°C, followed by
an acetylation of the amine function using 100 pl trifluoroacetic anhydride,
for 20 min at 80°C.
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For extraction and derivatization of fatty acids, 100mg of crushed
leaves was sonicated with 0.6 ml water/NaCl and 0.8 ml methanol for 1 min,
then mixed with 0.8 ml chloroform and 3 min centrifuged (5800 rot/min); the
lower layer was collected and extraction was repeated with 0.4 ml chloroform.
The lower chloroform phase containing the extracted fatty acids was then
dried in a nitrogen flow, at 60°C.

The lipids were converted to corresponding FAMEs by esterification
of the carboxylic functions with 200 uL methanol: acetyl chloride 4:1 (v:v), 20
min, 80°C. The derivatives were evaporated to dryness by a nitrogen stream, at
60°C, and then dissolved in 500 pL dichloromethane. 10 pg of C11:1 was
added to each sample for GC-MS quantitation.

For extraction of volatiles, 100 mg of crushed leaves were ultrasounded
and extracted with 1mL ethanol at 60°C for 15 minutes. The mixture was
centrifuged at 5800 rpm and the supernatant collected filtred and injected in
the GC/MS and tested for antioxidant activity.

For determination of antioxidant activity, DPPH antioxidant assay
was used. A solution of 40uM 2,2-diphenyl-1-picrylhydrazil (DPPHs) in ethanol
was decolorize using different concentration of each plant extract. The
monitoring of DPPH reduction was followed at 517nm. The percentage of
DPPH scavenging activity is expressed using following formula: DPPHinnibition%0=
[(A-Ay)/Ai]x100. For determination of effective concentration (ECso), different
concentration of each plant extract 5 ug/mL,10 pg/mL, 20 yg/mL, 50 ug/mL,
100pg/mL were used. The ECso was determined by plotting the DPPHinnibition %o
against used extract concentration.
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CHANGES IN TOTAL PHENOL CONTENT AND
ANTIOXIDANT ACTIVITY OF GREEK TABLE OLIVE
CULTIVAR AMFISSIS DURING MATURATION
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IOANNIS VAGELAS?, ELENI WOGIATZI?,
MARIA-NEKTARIA NTALLA®

ABSTRACT. The Amfissis cultivar olive fruits grown in the region of Larissa,
central Greece, were studied for the changes in total polyphenol content,
phenolic fractions and antioxidant capacity during maturation period (four
months). It has been established that the total phenol content and
antioxidant capacity, change in broad ranges depending on the ripening
stage of fruits. The content of total phenols in the Amfissis cultivar during
maturation varied from 3.9 to 11.9 mg (GAE) g™ FW. The highest content of
total phenols has been found in the harvest stage (December). The content
of flavonoid phenols ranges from 3.12 to 9.47 mg (GAE) g' FW. The highest
content of flavonoid phenols was determined the time period of the
harvesting. The content of non-flavonoid phenols during ripening of olive fruit
ranges from 0.78 to 2.43 mg (GAE) g' FW. The highest content of NFP was
determined the time period of the harvesting (black color). The inhibition
concentration (ICso) of extract during maturation of the olive fruit in all stages
ranges from (735 to 130) mg/l. The lowest inhibition concentration (highest
antioxidant capacity) was observed in the collection stage of the olive fruits.
The obtained results have a direct impact on the harvesting date of the table
cultivar Amfissis, influencing the sensory properties and the quality of the
olive fruit.
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INTRODUCTION

The fruits are natural reservoir of phenolic compounds and natural
antioxidants [1-3]. Olea europaea L. is a tree widely cultivated in the Mediterranean
area for oil production and for table olives production. Table olives are a
traditional Greek product, important component of the Mediterranean diet. Olive
fruits are rich in flavonoids, secoiridoids, phenolic acids and phenolic alcohols [4-
7] which exercise high antioxidant activity. Olives cultivar Amfissis are used
usually as table olives and to a lesser degree for oil production.

Phenolic compounds influence the sensory properties of the olive
fruits. Oleuropein is a phenolic compound from olives responsible for their
bitterness [8-10]. The inclusion of table olive in a diet reduces the risk of
cardiovascular and some cancer diseases [11-12].

Important changes in phenolic content and antioxidant activity during
fruits development was reported [3]. The concentration of oleuropein in the
olive fruit decreases with development and maturation of fruit [9,13]. The
changes in phenolic composition during the maturation of olive fruits are due to
hydrolysis of glycosides, oxidation and polymerization of phenolic compounds
[14-15].

The aim of this study was the determination of phenolic content and
antioxidant activity, in different stages of maturation of Amfissis cultivar fruits
grown on the region Sykourio, Larissa, Greece.

RESULTS AND DISCUSSIONS

Soil samples collected from olive orchard were analyzed for inorganic
nutrient element (N, P, K, Mn, Zn and Cu) and organic matter content. The
soil was a Sandy Loam (SL), with high content in organic matter and nutrients
(Table 1).

Figure 1 shows that the concentration of total phenols increased
continuously (from 3.9 to 10.1 mg (GAE) g -' FW) between the first sampling
in August (green color fruits) until the time of the fourth sampling in October
(reddish-purple color fruits). Then, during ripening between fourth (reddish-
purple color) and fifth sampling (purple-black color), the concentration of total
phenols showed a stagnation. However, in the last phase of maturity,
corresponding to the period between of the purple-black color and of the
black color (harvest season), the concentration of total phenols increased
again and reached the maximum value (11.9 mg (GAE) g' FW).

To the same conclusions arrived some researchers which studied the
change in the total phenolic content during ripening for some olive fruits from
Tunisia [16]. Contrary, decrease of the content total phenolic during ripening
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of olive fruits for some cultivars of Italy observed by [14, 17-19]. In addition,
decrease total phenols during ripening for some cultivars of Australian
observed by [20]. These differences in the variability of total phenols likely
due to the different cultivars, in soil and climatic conditions of each region.

Table 1. Chemical properties of soils from olive orchard

Soil properties Soil depth
(0-30) cm (30-60) cm

Texture Sandy Loam Sandy Loam
pH (1:5) 7.72 +0.31 7.68 + 0.31

EC (1:5), dS m"" 0.48 +0.03 0.41+£0.03
CaCOs (%) 6.67 £ 0.34 11.52 + 0.58
Organic matter (%) 242 +0.12 1.63 £ 0.08
N-inorganic (mg kg™) 174.3 £ 9.68 110.8 £6.16
K-exchangeable (mg kg™) 328.4 + 14.29 214.2 £ 9.87
P -Olsen (mg kg™") 20.8 £ 1.39 12.4 £ 0.95

Cu-DTPA (mg kg™ 243 +0.22 1.84£0.15

Zn-DTPA (mg kg™") 4.67 £0.31 2.34+£0.18

Mn-DTPA(mg kg™") 7.43 +0.68 3.78 £0.32

Data represent average and SE deviation, (n) = 4.

1S 4 TP, FP and NFP content in Amfissis olives
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Days from the start of flowering and color of the olive fruit

Figure 1. Changes of total phenol (TP) content, flavonoid phenols (FP) and non-flavonoid
phenols (NFP) during maturation of the olive cultivar Amfissis at 90; 120; 140; 160; 190
and 220 days from start of flowering, respectively. Characteristics labeled with the same

letter do not differ significantly according to the Tukey’s test (P=0.05).
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The variation of the content of flavonoid phenols during ripening of
olive fruit was similar to that of total phenols. The content of flavonoid phenols
ranges from 3.12 to 9.47 mg (GAE) g’ FW (Figure 1). The lowest content of
FP was determined the time period of the first sampling (green color), and
the highest the time period of the harvesting (black color). The FP content in
the olive fruit during the second sampling (green color) constitutes 80.90%
of TP amount, whereas during the third sampling (rosy color) it is lower and
reached 77.01 %.

The flavonoid phenols (FP) cover a great number of phenolic
compounds in the olive fruits, from which prevail the fractions of flavones and
flavonols, and exhibit different functions. The content flavones (luteolin,
luteolin 7-O-glucoside, apigenin) and flavonols (rutin and quercetin) showing
different changes during ripening of olive fruit [13].

The content of non-flavonoid phenols during ripening of olive fruit
ranges from 0.78 to 2.43 mg (GAE) g' FW. The lowest content of FP was
determined the time period of the first and second sampling (green color
fruits), and the highest the time period of the harvesting (black color fruits)
(Figure 1).

100 % inhibit DPPH during the maturation of olive fruit
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Figure 2. Inhibition percentage DPPH in different concentrations of the extract of
samples, during maturation of the olive cultivar Amfissis. 90; 120; 140; 160; 190 and
220 days from start of flowering, respectively. Data represent average, (n) = 4.
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The scavenging effect of Amfissis olives was also examined using
different concentrations of extracts in 80% methanol (Figure 2). The results
are expressed as percentage of the absorbance decrease of DPPHe solution
in the presence of different concentrations of extracts to the absorbance of
DPPH- solution.

From the Figure 2 we can observe that the increase of inhibition
percentage DPPH- is function of increasing concentration of the extract, for
all phases of maturation.

The concentration of the extract required to reduce the absorbance
of solution DPPH+ 50%, constitutes the inhibition concentration (ICso). The
lowest inhibition concentration (ICsq) corresponds in the highest antioxidant
capacity.

Figure 3 shows that the inhibition concentration (ICso) of extract
during maturation of the olive fruit in all stages ranges from (735 to 130) mg/I.
The lowest inhibition concentration (highest antioxidant capacity) was observed
in the collection stage of the olive fruits (black color). The correlation between
the inhibition concentration (ICso) of the extracts during maturation of the
olive fruit and the contents of TP was high, with correlation coefficient (r?)
equal to: 0.972.
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Figure 3. Antioxidant capacity expressed by median inhibition concentration (ICso) during
maturation of the olive cultivar Amfissis. At 90, 120, 140, 160, 190 and 220 days from
start of flowering, respectively. Each characteristic of the graph labeled with the same

letter do not differ significantly according to the Tukey’s test (P=0.05).
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Our results are in agreement with the data obtained by other authors
which reported decrease of value (ICso) during maturation of the olive fruit
[21]. These values show that the Amfissis olives have highest antioxidant
capacity during maturation from some olives cultivars of Tunisia [21].
Contrary, increase of the value (ICso) during maturation of the olive fruit
observed by other authors [19]. These differences in the antioxidant capacity
of the olive fruit during maturation, due in the quantitative composition of
polyphenols and in structure of individual compounds, as a result of the
cultivar and climatic factors [13, 22].

Each characteristic of the graph with the same letter do not differ
significantly according to the Tukey’s test (P=0.05).

CONCLUSIONS

Flavonoids, non-flavonoids, total phenols content and antioxidant
capacity of the table olive Amfissis vary with stages maturation, demonstrating
the importance of behavior of the Amfissis cultivar. Contrary with most olive
varieties, the Amfissis cultivar in the region Larissa, presents the highest total
phenolic compounds content and antioxidant activity at the harvest stage (10
December).

The obtained results have a direct impact on the harvesting date of
the table cultivar Amfissis, influencing the sensory properties and the quality
of the olive fruit.

EXPERIMENTAL SECTION
Experimental

The study was carried out in the olive orchard Papadoulis in an area
located in region Sykourio, Larissa, Greece, (latitude 39°43'30"N, longitude
22°44'30"E, 270 m altitude), during the 2015-2016 season. The climate in
the area is Mediterranean, with cold rainy winters, average (5-7)°C, dry hot
summers, average (25-28)°C and average annual precipitation 432 mm. In
the olive orchard, the Amfissis cultivar grown, 1970 the planting took place
with 7m distance tree from tree and 7.5 m distance line from line. 50 kg
manure corresponding to 1.10 kg Nitrogen, 0.95 kg Potassium, 0.35 kg
Phosphorus and 11.5 kg Organic matter per tree added, and 2000 m3
irrigation water per hectare added.
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Olives samples were collected from the beginning of development
and at different stages of maturation of olive Amfissis, where are observed
changes in fruit color with the appearance of the green color (1 August, 90
days from start of flowering), green color (120 days from start of flowering),
of the rosy color (140 days from start of flowering), of the reddish purple color
(160 days from start of flowering), of the purple-black color (190 days from
start of flowering), and black color (220 days from start of flowering). Two
trees were chosen, and were sampled of olive fruits half kilogram with four
replicates from each tree, from all the orientations and without type of disease.

Preparation of the methanol extracts

The flesh was separated from the kernel and 100 g of flesh for each
treatment were subjected to freeze drying for further extraction and determination
of humidity. The dry mass was crushed and stored in clean bottles in refrigeration
[23]. Two g of dry sample was extracted two times with 50 mL of 80% aqueous
methanol for 24 h at 150 rpm, the methanolic extracts were combined and
washed two times with 25 mL n-hexane in order to eliminate the oil of the
methanolic extract [24]. The separation of the phases was performed with
separating funnels. Subsequently the methanolic extract was evaporated under
nitrogen, and the residue was dissolved in 50 mL of 80% aqueous methanol,
stored in clean bottles in refrigeration in the dark until its use.

Methods of analyses

Soil was analyzed using the following methods which are referred
by Page (1982) [25].

Organic matter was analyzed by chemical oxidation with 1 mol L
K2Cr.07 and titration of the remaining reagent with 0.5 mol L-' FeSO..

Inorganic nitrogen was extracted with 0.5 mol L-' CaCl, and estimated
by distillation in the presence of MgO and Devarda's alloy, respectively. Available
P forms (Olsen P) was extracted with 0.5 mol L-' NaHCO3; and measured by
spectroscopy. Exchangeable form of potassium was extracted with 1 mol L'
CH3COONH4 and measured by flame Photometer (Essex, UK).

Available forms of Mn, Zn, and Cu were extracted with DTPA (diethylene
triamine pentaacetic acid 0.005 mol L' + CaCl, 0.01 mol L' + triethanolamine
0.1 mol L) and measured by atomic absorption. The samples were analyzed
by Atomic Absorption (Spectroscopy Varian Spectra AA 10 plus, Victoria,
Australia), with the use of flame and air-acetylene mixture [26].
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Electrical conductivity (EC) and pH measured in the extract (1 part
soil : 5 parts H20).

Determination of total polyphenolics (TP). Total polyphenolic
content was determined with the Folin-Ciocalteu (F.-C.) reagent according to
the method by [27] using the microvariant proposed by [28] and the results
were expressed as gallic acid equivalent (GAE) in mg g fresh weight.

Nonflavonoid phenols (NFP). The content of NFP was determined with
the F.-C. reagent after removing the flavonoid phenols (FP) with formaldehyde
according to the method by [29] and was expressed as gallic acid equivalent
(GAE) in mg g fresh weight.

Flavonoid phenols (FP). Flavonoid phenols were determined as a
difference between the content of total phenols (TP) and nonflavonoid phenols
(NFP). Their amount was evaluated as gallic acid equivalent in mg g fresh weight.

Determination of antiradical activity (DPPH?-). The antiradical activity of
the methanol extracts was determined according to the method by [30] using
the stable free radical 2,2"-diphenyl-1-picrylhydrazyl (DPPHe<). The antiradical
activity was expressed through 1Cso (Inhibition concentration, mg/l), which
expresses the concentration of the extract required to reduce the absorbance
of solution DPPH 50%. The absorbance reduction calculated according to
the formula (1):

% Inhibit DPPH= (Absorbance prrH - Absorbance simple) / Absorbance pepr x 100. (1)

The concentration was found from the graph of inhibition percentage
DPPH with different concentrations of samples.

Statistical analysis

Data were analyzed using the MINITAB [31] statistical package. The
experiment had four replications. Analysis of variance was used to assess
treatment effects. Mean separation was made using Tukey’s test when
significant differences (P=0.05) between treatments were found.
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