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VICKERS MICROHARDNESS AND STRUCTURAL

EVALUATION OF EXPERIMENTAL DENTAL
PORCELAIN WITH ZIRCONIA ADDITION

Sorina MOLDOVAN?, Marieta MURE$AN-POP'°’c ,
Claudia Andreea COJAN?, Réka BARABASY®
Liliana BIZO?¢"

ABSTRACT. This work aimed to investigate the effect of ZrO2 addition on the
structural and mechanical properties of an experimental dental porcelain (DP)
prepared from natural raw materials. ZrO2 was added in different amounts (1, 3,
and 5 wt.%) to the DP mass with the initial composition of 80 wt.% feldspar, 15
wt.% quartz, and 5 wt.% kaolin, obtained by sintering the mixture at 1200 °C.
The raw materials and raw materials mixture were analyzed by laser diffraction
to obtain the typical particle size distribution (PSD). Subsequently, the obtained
phases in the elaborated samples were investigated by X-ray powder diffraction
(XRPD), Fourier transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC) and microhardness tests. The structural analyses revealed
that the obtained DP mainly comprised quartz and amorphous phases. In
addition, certain peaks of weak corresponding to mullite and zirconia were
detected. The measured Vickers microhardness (VMH) of DP sintered at 1200
°C was 794.07+106.56 kgf/mm?, which is comparable with those reported for
conventional porcelains. Moreover, ZrO; addition leads to an overall increase of
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the VMH, with the best value of 912.91+30.76 kgf/mm? obtained for the sample
with 5 wt.% ZrO-. In conclusion, the DP studied here exhibits good mechanical
properties and could be potentially used in restorative dentistry.

Keywords: dental porcelain, zirconia, structural analyses, Vickers microhardness

INTRODUCTION

Besides many dental materials, porcelain continues to play a significant
role in restorative dentistry. The most common applications include teeth full
coverage as crowns, inlays and onlay porcelain bridges, veneering agents,
castable ceramics, and porcelain fused to metal. Dental porcelain has very
stable chemical properties and outstanding esthetics which are not influenced
by their use over time. It has similar thermal conductivity and coefficient of
thermal expansion to enamel and dentine and exhibits high compressive
strength [1].

A classification of dental porcelains could be made based on their
composition, fusion temperature, microstructure, translucency, fracture
resistance, abrasiveness, and processing technique [2, 3]. The classification
of dental porcelain based on composition includes feldspathic porcelains,
leucite-reinforced feldspathic porcelain, leucite-reinforced glass ceramics,
aluminous ceramics, glass infiltrated composites, alumina polycrystals, glass
ceramics, lithium disilicate reinforced glass ceramics and zirconium oxide
ceramics [4]. According to their fusion temperature, porcelains are classified
into three categories namely high (1300-1400 °C), medium (1100-1300 °C),
and low (850-1100 °C) fusing dental porcelains [4, 5]. The high-fusing dental
porcelains are used for denture teeth, whereas the medium and low-fusing
porcelain are used for crowns and bridges.

The composition of typical feldspathic dental porcelain (DP) by weight
is feldspar (75 - 85%), quartz (12 - 22%), kaolin (3 - 5%) and metallic pigments
which increase the opacity of dental porcelain (<1 %), including significant
amount of feldspar (KAISi3Os), quartz (SiO2), and kaolin (Al203-2Si02-2H20).
Feldspar, a greyish crystalline mineral found in rocks rich with iron and mica,
is grounded, and after using strong magnets to remove iron compounds, it
is milled to obtain the purest powder. Quartz, the matrix component is
responsible for the translucency of the restoration, whereas kaolin is used in
a limited amount as it has opaque properties, unlike the human teeth which
are translucent. It is used in the composition of dental ceramics as it binds the
loosely held ceramic particles together [6-9]. The main difference in composition
between porcelain used in dentistry and that used in other products (i.e. dishes
and china houseware) is in the proportions of the main raw materials [6]. The
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exact compositions of dental porcelains differ between various products, but
in general, there is a trend towards using less kaolin and more feldspar to
improve translucency. This suggests that dental porcelain should be described
more accurately as glasses. Compositions with low kaolin content require
closely controlled firing times and temperatures to produce a satisfactory
result due to the large glassy phases they develop [10].

Many attempts have been made to study the addition of different materials
like metal oxides (MgO, ZnO, TiO, and ZrO) or AgVOs to DP powders to
improve resistance to thermal shock, color, mechanical or antibacterial properties
[1, 11-15]. Regarding the mechanical properties, one problem with the use of
ceramics in tooth replacement is the fact that fracture occurs at a very low
strain of ~ 0.1%, which means that the ceramic structure only exhibits a very
low flexibility before fracture [16, 17]. Therefore, the mechanical behavior of
dental porcelains still needs to be improved, and consequently, a lot of
researchers are trying to develop the mechanical properties of ceramics.
Some attempts have been made to overcome these shortcomings.

The research of Kaiyum et al. indicates that the MgO addition in a
dental ceramic composition (70 wt.% feldspar, 20 wt.% quartz, and 10 wt.%
kaolin) increases mechanical properties up to 1%, and indicates a fixed
sintering temperature of 1100 °C. They conclude that MgO has great effects
on grain growth, second-phase formation, and densification, which are the
key factors that improve mechanical properties [18].

The effect of TiO, additions on the densification and mechanical
properties of multifunction-resistant (MFR) porcelain prepared from economic
raw materials was studied by Harabi et al. The chosen composition was 30 wt.%
kaolins (20 wt.% kaolin halloysite type + 10 wt.% kaolin Tamazart), 45 wt.%
k-feldspar and 25 wt.% quartz [19]. It has been found that the best three-point
flexural strength (3PFS) and Vickers micro-hardness (VMH) values may
recommend the use of multifunction-resistant porcelains for dental porcelains
and abrasive materials. The best VMH value (12.30 GPa) achieved for the
new MFR porcelain is nearly doubled when compared to that obtained by
Santos et al. for porcelain-30% ZrO, composite (6.5 GPa) [20].

The influence of temperature and boric oxide (B2Os) addition on
sintering and mechanical properties of dental porcelain prepared by using
local Algerian raw materials was studied for the composition of 75 wt.%
feldspar, 20 wt.% quartz and 5 wt.% kaolin [6]. It has been found that the
sintering temperature was lowered by about 25 and 50 °C for 3 and 5 wt.%
B.O3 additions, respectively. Moreover, the authors stated that B.O3 additions
induce a glass matrix composition variation which hindered the leucite formation
during sintering, knowing that the leucite is the most significant phase especially
when mechanical properties of dental porcelain are concerned [6].
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Serragdj et al. have studied the effect of ZrO, additions on the
densification and mechanical properties of modified resistant porcelains using
economic raw materials [21]. The selected composition was 25 wt.% feldspar,
25 wt.% quartz, and 50 wt.% kaolin (25 wt.% kaolin Algerian nano-sized
halloysite type + 25 wt.% kaolin Tamazart) and different amounts of ZrO, (5
and 8 wt.%). The authors found that the best VMH value of 13.08 GPa obtained
for DP is higher than that found by other researchers for porcelain sample or
porcelain containing 30 wt.% Al,O3 sintered at 1200 °C.

Briefly, many attempts have been made to increase the mechanical
properties of dental ceramics by adding different metal oxide particles like
MgO, TiOz, B20Os or ZnO. Apart from them, ZrO,-reinforced glass-ceramic
showed the improvement of the flexural strength and fracture toughness [20].
Although different dental porcelain compositions have been extensively studied,
there are few investigations on the influence of zirconium oxide additive on
the processing, structural and mechanical properties (i.e. microhardness).
The novelty and major contribution of this study lies in its exploration of the
synergistic properties of kaolin, quartz, feldspar and their tailored applications
across various sectors, besides the biomedical domain occupy an important
place. On the other hand, the novelty of this study arises from the newly
developed composition considering two abundantly available and cheaper
local raw materials, like quartz (Valeni, Romania) and feldspar (Muntele Rece,
Romania). The chosen composition for DP in this work was 80 wt.% feldspar,
15 wt.% quartz, and 5 wt.% kaolin, using economic raw materials [10, 22].
Considering the important role played by zirconia particles in improvement
of mechanical properties of dental porcelain this work aims to study the effect
of ZrO; additions on the structural and mechanical properties of experimental
feldspathic dental porcelain prepared from natural raw materials, as zirconia-
reinforced porcelain represents a promising alternative to conventional
feldspathic porcelains for the fabrication of prosthetic restorations.

RESULTS AND DISCUSSION

The PSD of the granules is of particular interest, fine particles will
react completely while large particles will only partially react, and only a part
of them will end up participating in the reaction. It is well known that particle
size distribution (PSD) of powders affects the sintering behavior, physical and
mechanical properties of ceramic materials. Therefore, the results of the
granulometric analyses are presented below. Both the raw materials and raw
materials mixture after wet homogenization were analyzed using laser diffraction
with the results presented in Table 1 and Figure 1. The results of PSD analyses
are summarized in Table 1, where the modal and median diameters, defined
for the cumulative distribution, are also shown.
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Table 1. The results of PSD analyses performed on raw materials and
raw materials mixture.

Sample Modal D MedianD MeanV 50.0% D Standard
(um) (um) (um) (um) Deviation (SD)
Feldspar 0.224 0.222 0.305 0.222 0.305
Kaolin 0.178 0.171 0.209 0.171 0.171
Quartz 0.708 1.227 1.545 1.227 2.589

Raw materials

. 0.708 1.169 1.399 1.169 0.395
mixture

The results presented in Figure 1a showed that kaolin and feldspar
show a bimodal distribution presenting two maximum points, which are
centered at around 0.15 - 0.2 pm, respectively 0.8 ym, whereas the quartz
shows a wide distribution with fractions ranged from 0.1 to 50 ym. The raw
materials mixture has a wide and monomodal PSD, with an average particle
value of 1.399 ym with particle sizes of the powder falling in a wide size range
between 0.3 and 10 um (Figure 1b). This specifies that width of the PSD
offers good mixing and uniform distribution between the particles.

100

Q, (%) q (%) (a)

o vy 2

Normalized Particle Amount

Particle Diameter (um)

Q, (%) & (%) (b)
e N T B B o i R R 1

i I

Normalized Particle Amount

0.01 o.058 0.1 0.5 5 10 S0 100

Particle Diameter (um)

Figure 1. PSD (cumulative and differential curves) for (a) kaolin (black),
feldspar (red), quartz (green), and (b) raw materials mixture.
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All the prepared samples were analyzed using XRPD. The corresponding
diffractograms of the samples DPO and those with 1%, 3%, and 5% ZrO;
additions are presented comparatively in Figure 2. The presence of quartz
(Q) is observed as the main phase in all the analyzed spectra (PDF # 96-
901-0145). The evidenced diffraction peaks belong to its 8 form resulted after
the high temperature sintering.

Q Q- Quartz - PDF # 96-901-0145
M- Mullite - PDF # 96-210-8044
Z- Zirconia - PDF # 96-900-7449

DP5 ZMQ QmQ qQ zZ

DP3

> w

2 theta (degree)
Figure 2. XRPD patterns of DP samples sintered at 1200 °C.

Intensity (a.u.)

The intensities of the diffraction peaks of quartz did not change in the
DP samples with ZrO-, but a new phase was identified as zirconium oxide
(Z; PDF # 96-900-7449). The intensity of the peaks corresponding to ZrO;
increases with the increase of the percentage of ZrO,. ZrO, leads to an
increase in the intensity of the maxima presented at 26 ~ 24, 28.2, and 31.5,
which belongs to baddeleyite. Certain peaks of weak intensity were identified as
corresponding to mullite (M, AleSi2O13; PDF# 96-210-8044). It is known that
mullite is responsible for the DP microstructure and mechanical properties.
Therefore, the formation of mullite mainly depends on the type and proportion
of kaolin used [23]. There is a competition effect between the formation of mullite
and the crystallization of the amorphous silica present in the matrix during
sintering. Besides, the fraction and nature of the quartz used in the porcelain
composition batch influences the amount of unreacted residual quartz during
sintering. Quartz has a higher coefficient of thermal expansion as compared to
that of the surrounding glassy phase. Therefore, it gives rise to thermal stresses
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which affect the porcelain strength [24, 25]. In addition, at this sintering
temperature the feldspar melted and its diffractogram presented a large band
related to the amorphous phase, as revealed in the XRPD patterns [14].

The FTIR spectra obtained for all samples appear to be almost similar
(Figure 3). In the spectra of DPO, the broad absorption peak with a maximum
of around 3449 cm™' is assigned to the stretching modes of O-H bond
vibrations, which is related to surface absorbed water, whereas the broad
absorption band around 1624 cm™ is assigned to H-O-H bending vibrations
related to the surface chemically adsorbed water [26, 27]. In the spectra of DP1,
DP3, and DP5 this vibration is located at 1630 and respectively at 1626 cm™.

28
| ——DPO
244 —— DP1 <
DP3 2

0.0+

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of DP samples.

In function of the composition of the samples, the region of great interest is
in the spectral range between 1400-845 cm-, which is the specific region for
the bands corresponding to the vibration of the bonds in SiO,. The maximum
of the dominant bands identified in the FTIR spectra of DP is situated around
1624, 1071, 779, 693, and 456 cm™'. The band located around 1071 cm™’
could be attributed to asymmetric stretching vibrations of Si-O-Si bridges in
amorphous SiO; while the absorption peak around 779 cm™' is ascribed to
symmetric stretching vibrations of the same bonds [27-29]. These vibrations
are also found in the spectra obtained for the three samples, DP1, DP3, and
DP5, but with small shifts. Our results agree with the results previously
reported, which identified absorption bands ranging from 400 to 1400 cm™*
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associated with the quartz bending band [6, 30]. In the spectral range 1400-
845 cm™" there are changes in FWHM, which compared to the value obtained
for sample DP, increases in DP1, but decreases in DP3 and DP5.

DSC was used to investigate the thermal stability and behavior of the
prepared DP. The results of the DSC analyses for the investigated samples
are presented in Figure 4.

DP5

DP3

DP1

DPO

endo«— Heat flow (M) —~exo

T T T T T T T T T T T
200 400 600 800 1000 1200
Temperature (°C)

Figure 4. The DSC thermograms of DP samples.

It was observed that the addition of ZrO, caused broadening of
exothermic peaks between 1000 and 1100 °C, which may be due to overlapping
of peaks. The exothermic peaks shifted into a single broad peak with further
ZrO, addition to the DP. No sharp exothermic effect was observed for DP1, DP2,
and DP3 samples in the DSC curves, it means that the number of crystalline
phases developed during the DSC run was small, in agreement with XRPD
analysis revealed in Figure 2. It is evident from DSC results that the addition
of ZrO, caused a progressive inhibition of the second thermal event confirmed
by a reduction in intensity of the exothermic peaks [31, 32].

The surface microhardness of a material refers to its resistance to
permanent indentation. It is an important property for restorative materials as
it reflects their mechanical strength [33], resistance to wear, and abrasiveness
to opposing dental tissues and restorative materials [34]. A change in the
surface microhardness indicates structural degradation or solubility, which
is associated with a reduction in the material’s strength and mechanical
performance. Microhardness is generally dependent on the mechanical
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strength of the microstructure. When there are weak points such as defects
or micro-cracks, the hardness will be lower due to the presence of these
cracks. The determined Vickers microhardness (VMH) values of DP samples
containing 0, 1, 3, and 5 wt.% ZrO; are revealed in Table 2.

Table 2. VMH values (mean and standard deviation-SD) obtained for
the prepared DP compositions.

Sample ID DPO DP1 DP3 DP5
Mean VMH 794.07 + 106.56 868.83 + 18.97 846.49 + 38.85 912.91 £ 30.76

As observed from Table 2, an overall increase of VMH in all samples
with ZrO, addition if compared to DP was observed. The VMH value obtained
for DP was slightly influenced by ZrO, additions. The higher VMH value of
912.91 = 30.76 (8.953 GPa) was measured for sample DP5, containing 5
wt.% ZrO;. The presence of ZrO; increased the microhardness of porcelain.
A comparison between mechanical properties values of the prepared materials
in this study and for those reported in the literature are reported in Table 3.

Table 3. Comparative values of the VMH of the dental porcelain obtained from this
study and those reported in the literature.

Material Temperature Vickers Reference
(°C) microhardness
(GPa)
P (porcelain) 1200 °C 76120 Serragdj et al.
P 1200 °C 9.3+0.2 Kitouni et al.
P + 30 wt.% alumina 1200 °C 7.3 Kimura et al.
and 5 wt.%TiO2
P+ 5 wt.% ZrO2 1200 °C 12.8+2.0 Serragdj et al.
P + 8 wt.% ZrO2 1200 °C 13.1+£1.0 Serragdj et al.
Dental porcelain (DP) 1200 °C 7.787 present work
DP + 1 wt.% ZrO> 1200 °C 8.521 present work
DP + 3 wt.% ZrO> 1200 °C 8.302 present work
DP + 5 wt.% ZrO> 1200 °C 8.953 present work

The best VMH value achieved for the DP5 sample is higher compared to that
obtained by Santos et al. (6.5 GPa) for porcelain of 30 wt.% ZrO., composite,
even though their mixtures were hot pressed in vacuum at 970 °C for 2 min
[20]. Moreover, this VMH value is comparable to that reached by both Kitouni
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and Harabi (9.3 GPa) for porcelain samples and greater compared to the
works carried out by Kimura et al. (7.3 GPa) for porcelain containing 30 wt.%
Al,O3 sintered at 1200 °C [35, 36]. Therefore, replacing the more expensive
starting materials like Al,Os, whose price is much higher, by other low-cost
raw materials, is significantly important.

Most ceramics have comparatively higher hardness values than
human enamel and metal alloys [37, 38]. It is known that dental hard tissue
comprises a combination of enamel and dentin, both of which have different
compositions and structures.

Enamel, which has a glossy surface and varies in color from light
yellow to grayish white, is mainly made of the mineral hydroxyapatite, which
is crystalline calcium phosphate. It is the hardest tissue in the human body
because it contains almost no water. Structurally, enamel covers the entire
anatomic crown of the tooth above thegum and protects the dentin. Dentin
consists of the mineral hydroxyapatite (70%), organic material (20%), and
water (10%). Dentin is harder than bone but softer than enamel, and it is
mostly made of phosphoric apatite crystallites Following the results of Chun
et al., the measured hardness value of enamel specimens (HV = 274.8 +
18.1) was around 4.2 times higher than that of dentin specimens (HV = 65.6
+ 3.9) [39]. The Vickers microhardness of the DP prepared in this study is
superior to that of dentin and enamel.

Further, the microhardness values of the DP prepared in this study
were compared with three commercial CAD/CAM ceramics: IPS e.max CAD
(lithium disilicate), VITA ENAMIC (polymer-infiltrated ceramic), and Celtra
Duo CAD (zirconia-reinforced lithium silicate). The reported mean
microhardness values are 853.82 (+16.89) for IPS e.max CAD, 342.79
(£x25.69) for VITA ENAMIC, and 853.68 (+x19.46) for Celtra Duo CAD [40]. It
was observed that all the new formulations from the present work showed a
significant increase in microhardness if compared with VITA ENAMIC.
Concerning both IPS e.max CAD and Celtra Duo CAD, a slight increase of
1.7% was observed even at low percentages of material added (1 wt.%
ZrOy), but an increase of microhardness values with 7% at high percentages
of material added (5 wt.% ZrO3). In conclusion, the microhardness values of
the experimental dental porcelain developed in this research demonstrated
a greater level of microhardness compared to several commercially available
dental porcelains. This enhanced microhardness is likely due to the
incorporation of the ZrO; crystalline phase, which may contribute to the
material’s performance in dental applications.
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CONCLUSIONS

In this study, a newly developed dental porcelain (DP) using economic
raw materials was proposed. The selected composition was 80 wt.% feldspar,
15 wt.% quartz, and 5 wt.% kaolin. Additionally, the effect of zirconium oxide
(ZrO2) addition on the structural and mechanical properties of DP was
studied. Structural analyses reveal that quartz, mullite and amorphous
phases are present on the obtained DP. In the samples with ZrO, addition,
some peaks of zirconia were identified. The measured Vickers microhardness
(VMH) of DP sintered at 1200 °C was 794.07 + 106.56 kgf/mm?, a value
comparable with those reported for conventional porcelains. Moreover, the
addition of ZrO, improved the overall microhardness with the best value of
912.91 £ 30.76 kgf/mm? obtained for the sample with 5 wt.% ZrO,. Finally,
these VMH values may recommend the use of the DP material for dental
applications, as feldspathic porcelains are the most used ceramic materials
in dentistry for the manufacture of indirect restorations and as a veneering
material for bilayer prostheses over metallic or ceramic infrastructures. Further
studies are required to completely elucidate the effect of ZrO, as a candidate
for potentially improving the mechanical properties of the prepared ceramic
dental material.

EXPERIMENTAL SECTION

Raw materials

The raw materials used to prepare DP are kaolin (Zettlitz, Czech
Republic), quartz (Valeni, Romania), and feldspar (Muntele Rece, Romania)
with the chemical composition presented in Table 4. All the raw materials
were used as received without any further purification and serve for different
functional attributes: feldspar provides natural translucency and forms the
main structure of the porcelain, quartz prevents shrinkage during firing,
provides stability, and increases durability, whereas kaolin, present in only 1-
5% of the powder, is heat-resistant, provides elasticity to the porcelain paste,
and helps bind other materials together.

The reinforcing material used in this study was high-purity zirconium
oxide (ZrO., Riedel-de Haén AG, Seelze, Germany, 99%) which played a
crucial role as improving agent.
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Table 4. Chemical compositions of raw materials (wt.%).

Raw SiO2  AlOs Fe203 TiO2 CaO MgO Nax0 K0 LOI*
materials

Kaolin 4727 35.62 0.66 0.38 0.75 020 0.20 0.87 14.2
Feldspar 76.41 12.61 0.31 - 042 04 04 85 095
Quartz 97.08 0.24 0.02 - 096 0.06 0.03 0.03 1.17

*Loss on ignition

Dental porcelain preparation

The composition of the experimented dental porcelain was 80 wt.%
feldspar, 15 wt.% quartz, and 5 wt.% kaolin, following the procedure
previously reported [14]. The selected raw materials were wet milled and
homogenized in a planetary ball mill (Pulverisette 6, Fritsch, Germany) for 30
min at 250 rpm to obtain the typical size distribution. Afterward, the obtained
slurry was dried at 105 °C for 1 day using a Memmert incubator. Different
ZrO, amounts, 1, 3, and 5 wt.%, have been added to the raw materials
mixture to improve the mechanical properties of the sintered DP samples.
The specimens in the form of discs of 2 g and about 10 mm in diameter were
obtained by uniaxially cold press using a metallic dye and a pressure of about
0.5 tons, by a Carver Inc., hydraulic press (Carver Inc., Wabash, IN, USA).
The obtained pellets were subsequently sintered at 1200 °C for 12h using a
Nabertherm LHT 04/16 (Lilienthal, Germany) furnace, with a constant
heating and cooling rate of 5 °C/min. The obtained samples, in the form of
powder or pellets, were further used for different analyses. Depending on the
amount of ZrO, used, 0, 1, 3, and 5 wt.%, the samples have been named as
follows: DPO (without ZrO, addition), DP1, DP3, and DP5, respectively.

Characterization methods

Particle size analysis by laser diffraction was performed with a
nanoparticle size analyzer SALD-7101 (Shimadzu, Japan). The samples
were dispersed in a water medium to form a suspension and drawn into the
size analyzer. The particle aggregation was reduced using treatment with
ultrasounds.

XRPD analysis was performed to investigate the structure of the
samples using a Shimadzu XRD-6000 diffractometer operating at 40 kV, 30
mA, with Ni- filter and graphite monochromator for CuKa (A=1.54060 A). The
diffraction patterns were recorded in the 26 range of 10-80° at a scan speed
of 2 °/min. The phase identifications and crystallographic information files
corresponding to the quartz (Q, PDF # 96-901-0145), zirconium oxide (Z;
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PDF # 96-900-7449) and mullite (M, PDF# 96-210-8044) phases were
selected from the Crystallography Open Database (COD) using version 3.13
(Build 220) of Match! software.

The FTIR measurements were carried out using a Jasco FTIR 6200
spectrometer. The spectra were recorded from KBr pellets, with a spectral
resolution of 4 cm™'.

The TA Instruments SDT Q600 Thermogravimetric Analyzer (TGA) &
Differential Scanning Calorimeter (DSC) was used to investigate the thermal
properties of the samples. The analyses were performed from room
temperature to 1300 °C with a ramp of 10 °C/min, using alumina pans.

Vickers microhardness (VMH) values were measured with a Micro
Hardness Tester (FALCON 600G2FAQ2). Indentations were conducted in
the air with loads of 3 kgf. The indentation time was 15 s. For all experiments
only well-defined indents, without chipping or cracks, were considered. The
samples were thoroughly inspected with a magnifying lens to exclude
specimens with any surface defect. The Vickers microhardness (VMH) value
of each indent was automatically calculated. Each sample was subjected to
5 indentations and the mean VMH value was calculated in kgf/mm?.
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ABSTRACT. In this study, we investigate the electrochemical properties of
a novel copper complex (Culz) derived from the Schiff base ligand N-3-
bromopropylsalicylaldimine (LH). We also examine its interaction with
chicken blood double-stranded DNA (cb-ds DNA) in phosphate buffer solution
(PB) at physiological pH 7.2 using cyclic voltammetry (CV) techniques. The
interaction mechanism of nitrite with CuLz, involving the Cull/Cul redox
system, is explored. The CuL2 complex was electropolymerized on glassy
carbon (GC) and fluorine tin oxide (FTO). The morphology of PolyCul:
formed on FTO was analyzed using scanning electron microscopy (SEM)
and its elemental composition determined by EDX analysis. The modified
electrode polyCuL2/GC exhibited efficient catalytic activity for the electroreduction
of oxygen (O2) in homogeneous electrocatalytic media. The binding constant
(Kb) of the DNA-Cul2 adduct, determined from CV measurements, was
found to be 1.33x10°%, closely matching the value obtained from molecular
docking studies (1.75x10°%). Docking studies indicate that the CuL2 complex
binds to DNA in the minor groove binding mode. The anodic peak potential
shift in the negative direction suggests an electrostatic interaction between
Cul2 and DNA.

Keywords: Copper(ll) complex; Electro-polymerization; catalytic reduction;
DNA binding affinity; AutoDock.

a Department of Renewable Energies, Faculty of Hydrocarbons, Renewable Energies and
Earth and Universe Sciences, University of Ouargla, BP.511, 30000, Ouargla, Algeria

b [ aboratory of Electrochemistry, Molecular Engineering and Redox Catalysis (LEIMCR),
Faculty of Technology, Ferhat ABBAS University of Sétif-1, Sétif 19000, Algeria

¢ VTRS Laboratory, Department of Chemistry, Faculty of Sciences, University of El Oued, B.P.789,
39000, EI Oued, Algeria

* Corresponding author: touhami-lanez@univ-eloued.dz

©2024 STUDIA UBB CHEMIA. Published by Babes-Bolyai University.

@@@@ This work is licensed under a Creative Commons Attribution-
et NonCommercial-NoDerivatives 4.0 International License.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:touhami-lanez@univ-eloued.dz
https://orcid.org/0000-0003-2247-4920
https://orcid.org/0000-0003-1978-0716
https://orcid.org/0000-0002-6543-2547
https://orcid.org/0000-0002-3978-7635

CHAHINAZ ZOUBEIDI, ALI OURARI, ELHAFNAOUI LANEZ, TOUHAMI LANEZ

INTRODUCTION

Numerous Schiff base ligands have been investigated as starting
materials for coordinating transition metals. The increased interest in their
metal complexes is due to their usefulness in various fields. A new class of
ligands containing two coordination sets (N and O atoms) with a carbon-
bromide function (C-Br) has garnered attention due to their prominent
chemical reactivity [1-3].

Moreover, there has been growing interest in the synthesis,
characterization, and crystal structures of Cu(ll) Schiff base complexes [2—-6].
These complexes exhibit interesting properties and structural diversity,
making them useful for many applications[7,8], including the preparation of
supramolecular assemblies[9,10] and the development of highly sensitive
carbon paste electrodes modified with copper complexes for electrocatalytic
reduction of nitrite (NO;) [11] and bromate (BrO;)in aqueous media [12].

Transition metal coordination compounds have been extensively used
as DNA structural probes [13], DNA cleaving agents [14], DNA molecular
light switches [15], and for various other applications [16,17]. They form very
stable complexes with peculiar properties and reactivity, particularly in
binding small molecules [18,19]. These chelating ligands with O and N donor
atoms and their complexes also show broad biological activity [20,21].
Furthermore, some dibromide-bridged binuclear Cu(ll) complexes, based on
Schiff base ligands, have been investigated for their potential as anticancer
agents [22,23].

Continuing from our previous work, where the Cu(ll) complex and its
ligand were characterized by microanalysis, UV-Vis, FT-IR, '"H NMR, and '3C
NMR spectroscopy, with structures confirmed by single crystal X-ray
crystallography[24], we now report on the investigation of the electrocatalytic
properties of a new copper Schiff base complex (CulL.). This complex
appears in polymer matrices as pendant functional groups covalently grafted
by bromide atoms. We also examine the interaction of CulL, with chicken
blood double-stranded DNA using cyclic voltammetry (CV) techniques and
molecular docking simulation.

RESULTS AND DISCUSSION

The ligand LH was synthesized by reacting 3-bromopropylamine
hydrobromide with 2-hydroxybenzaldehyde in a 1:1 molar ratio, using a base
to enhance the nucleophilicity of the amino group (-NH3)[24]. The CulL, complex
was then prepared by refluxing the ligand with Cu(ll) acetate tetrahydrate in
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absolute ethanol, resulting in a dark green precipitate from the exchange
reaction between LH and the copper salt. The reaction pathways for the
formation of LH and the CulL, complex are shown in Schemes 1 and 2.

HO HO
NH -(CH -Br + I) N32C03 .
2 3 ; i) EtOH, reflux  n/7
| -Br
(CH2)3
LH

Scheme 1. Synthetic route of Schiff base ligand LH.

=Br
HO (CH2)3
. . 2H N o)
5 i) Cu(OAc),” =0 /
7 i) EtOH, reflux ;
| -Br
| -Br

(CHz)s (CHz2)3

CUL2

Scheme 2. Synthetic route of Schiff base-copper complex Culo.

Electrochemical study of CuL; complex

The CuL, complex was investigated using cyclic voltammetry in an
acetonitrile solution with a scan rate of 100 mV.s™", within the potential range
of -1.80 to 1.80 V against a Saturated Calomel Electrode (SCE).

Upon sweeping the voltage to oxidizing potentials, CulL; (Figure 1)
shows two anodic waves at +1.08 (I) and +1.24 V (ll). The first peak ()
corresponds to the quasi-reversible oxidation of the Cu(ll) to Cu(lll) [6, 25].
LH2, being the most electron donating as the dianionic form/ (L°)., stabilizes
the copper ion in the higher oxidation state Cu(lll) and disfavors reduction of
the copper(ll) cation. The active species of Cu (lll) is likely to oxidize the
ligand LH> via an intermediate electron transfer process, by electrochemical
reaction with ligand Schiff base. The second peak (ll) is observed at nearly
the same potential value as the corresponding ligand and can be attributed
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to irreversible oxidation of phenolic groups of the ligand [1,6,26]. LH2, being
the most electron donating as the dianionic (L), stabilizes the copper ion in
the higher oxidation state and disfavors reduction of the copper(ll) cation.
Also, the oxidation potential of the cooper complex seems to be more positive
than the value observed for the ligand, which may be related to the relative
stability of the coordination bonding between the oxygen and the azote atom
with copper (Il) ion. Two overlapping reduction peaks at -0.78 (lll) and -
1.07(1V) VISCE, which are assigned to the Cu(ll)/Cu(l) redox couple and the
reduction the imine groups of the Schiff base, respectively [25]. The latter
reduction wave is significantly shifted to less cathodic potentials compared
to the ligand alone, indicating a decrease in the electron density of the imine
group after the coordination process with the copper complex [28].

804

Phenolic oxidation (II)

60 1
1
1
1

40 Cu"---Cu™ (l)_

2

20

Jj/pA.cm

20
Cu'——-Cu"(I1T)
-40 —

Azomethine reduction (IV)
— 1T .
-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

E/V

Figure 1. Cyclic voltammogram of 1 mM of CuL2 at GC electrode
in acetonitrile solution 0.1 M TBAP. Scan rate 100 mV.s™.

Figure 2 displays a pair of oxidation-reduction peaks corresponding
to the Cu(lll)/Cu(ll) redox couple at1.08 V and 0.64 V. The AEp data being
larger than the theoretical value for an electrochemically reversible one-
electron process. Thus, for this complex the large AEp value expressing an
electrochemical oxidation of Cu(ll) would be due to a quasi-reversible
behavior of the couple Cu(lll)L + e- = Cu(ll)L yielding an average formal
potential of E12 = 0.86 V. The difference between the anodic and cathodic
potentials is AEp1 = 0.44 V and the current ratio (Ipcs/lpas) exceeds unity at
4.83 confirm the irreversibility electrochemistry of this redox couple.
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The Cu(ll)/Cu(ll) redox couple appears to be scan-rate-dependent,
particularly for the anodic wave. At lower scan rates (10-100 mV.s™), this anodic
wave splits into two. As the scan rate increases, the first wave shifts to more
anodic potentials, while the second wave shifts to more cathodic potentials,
resulting in an increase in current intensities. These two redox couples are likely
irreversible, consistent with previous reports in the literature [29,30].

100 4

——10mV.s'
——25mV.s’
8091  ——50mV.s’
75 mV.s’

604 ——100mV.s"

-2

40

j/ uA.cm

20

20 ; . ; . ; . ; . ; . ,

EIV

Figure 2. Cyclic voltammogram of 1 mM CuLz in 0.1 M TBAP/CHsCN
showing scan rate dependence of Cu(ll) / Cu(lll) redox couple.

The electroreduction polymerization process of the copper complex
CuL> on optically transparent electrodes was observed by a continuous
increase in peak currents during the initial cathodic sweep scans (Figure 3A).
In subsequent scans, the current decreases, and after several cycles, the
initial reduction peaks disappear, replaced by two new peaks around -0.6
V/SCE, indicating the formation of a deposited film on the electrode surface.
These redox processes correspond to the Cu(ll)/Cu(l) redox couple and
increase with the number of cycles [31,32]. As the number of cycles
increases, not only does the peak current intensity rise, but the potential also
shifts to more negative values [33,34]. It has been proposed that the oxidative
polymerization of Salen-type metal units is primarily a ligand-based process,
where radical-radical coupling between the phenol rings is responsible for
polymer formation. This new material can be considered a modified electrode
[PolyCuL>/GC]. Comparing the electrochemical processes, such as anodic
oxidation or cathodic reduction, the monomer involved in these reactions
leads to the formation of intermediate radical-cations and radical-anions,
respectively (see Eqg. 1 and Eq. 2).
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Cul, —e~ — [CuL,]"

(1)
(2)

Similarly, the electrochemical process described in Eq. 2 initially
produces radical-anions. These radical species participate in radical-radical
coupling, resulting in the formation of polymer films and thereby producing
modified electrodes [33,34]. The PolyCul; film is deposited and grows on an
optically transparent FTO-coated glass electrode, as evidenced by the continuous
increase in the peak currents of the copper complex (Figure 3B).

Cul, +e~ — [CuL,]

400
200
0
-200

-400

j/ uA.cm?

-600

-800

-1404 -1000
————T—— T
20 -18 -1.6 -14 -12 -10 -08 -06 -04 -02 00 02 20 18 A6 A4 12 10 08 G6 04 02 00 o2
E/V E/IV

Figure 3. (a) Cyclic voltammogram showing electropolymerization of 0.1 M of CulLz,
0.1 M TBAP/CH3CN by: cycling between -0.4 and -1.8 V/SCE in acetonitrile solution
using GC-electrode at 75 Mv. s™ in (100 cycles). (b) and FTIO electrode
at 100 mV s-1 (100 cycles).

Energy dispersive X-ray (EDS) analysis of the PolyCulL./FTO was
conducted to investigate the adsorption of Cu on the surface of the modified
electrode within the polymer catalyst structure (Figure 4). The EDS images
display peaks corresponding to copper, oxygen, and nitrogen, confirming the
presence of these elements. Furthermore, the analysis indicated that the
coating of copper on the surface of the modified electrode PolyCul. was
successful.

The scanning electron microscopy (SEM) images presented in Fig. 5
were used to explore the morphology of the film electropolymerized onto an
FTO substrate. The surface of the PolyCuL, film, obtained by cycling 100 times
between -0.4 and -1.8 V, displays high porosity, which becomes apparent at
high magnifications.
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cps/eV

Energy (KeV)
Figure 4. EDAX spectrum of polyCuL2/FTO.

Figure 5. Scanning electron micrographs of the FTO modified electrode surface
with polyCuL2/FTO, (a) X 2.000, 2.0 Kv 10 ym, (b) X 4.000, 2.0 Kv 1 ym
(c) X 2.000, 2.00 Kv 10 pm, (d) X 5.000, 2.0 Kv 1 pm.
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Catalytic effect of polyCulL,

The electrochemical determination of the efficient catalytic activity for
the reduction of oxygen by a CG electrode modified with a polyCulL; film was
conducted in a mixture containing 9.2 mg.L™" of oxygen (O,) and 0.5 mol.L™
KClI solution (Fig. 6). Under a controlled nitrogen atmosphere, the signal was
almost zero (Curve A). However, in an air medium, the signal became
significant (Curve B). This indicates that the electrocatalytic efficiency was
drastically affected by the modification of the electrode surface, resulting in
polyCulL.,/GC films [35-37]. The results showed a significant enhancement
of the redox system, observed at -0.8 V vs. SCE, which has been attributed
to oxygen reduction by the Cu(ll)/Cu(l) couple[38].

100
50

0_- a

-50

-100

j! pA.cm?

-150
-200

-250

-300 +—1——+—m—+—r—+—v—-—-"+—1""—7+1—"—1—4
20 18 -16 -14 -12 -10 08 -06 -04 -02

E/V
Figure 6. Cyclic voltammograms recorded in 0.1 M TBAP/CH3CN solution at
100 mV/s with polyCulL2/GC Modified electrode: (a) under saturated nitrogen
atmosphere, (b) under saturated air atmosphere.

It is postulated that the catalytic efficiency for a given catalyst can be
assessed from the ratios of the cathodic peak (ipc) currents under oxygen
and nitrogen atmospheres, denoted as ipc(O,)/ipc(N-). As shown in Table 2,
higher values for the ipc(O.)/ipc(N;) ratios were observed at various scan rates.
This indicates a reproducible and efficient electrocatalytic effect, especially at
lower scan rates, suggesting that more time allows for the chemical reaction
necessary for oxygen reduction [39].
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Table 1. Catalytic efficiency data for electrode modified polyCul2/GC.

Rates (mV/s) 100 75 50 25
ipc(O2)/ ipc(N2) 19.28 18.57 20.12 13.67

DNA Binding Study of CuL; via Cyclic Voltammetry

The cyclic voltammetry technique was applied to study the interaction
between the CuL, complex and DNA. When an increasing concentration of
DNA was added to a solution of the CuL, complex, the anodic peak current
height of the complex decreased, and the anodic peak potential exhibited a
negative shift. This result suggests that the CulL, complex interacts with DNA
via an electrostatic mode [40]. Cyclic voltammograms of the CulL, complex in
the absence and presence of DNA are shown in Fig. 7a. To avoid acidic or basic
denaturation of DNA, the pH of the solution was fixed at the physiological pH
of 7.2 using a 0.1 M phosphate buffer solution (KH,PO,/K,HPO,).

From this observation, it can be noted that in the absence of DNA,
the voltammograms of the CuL, complex show an anodic peak potential at
1.335 V. In the presence of DNA, this peak appears at 1.288 V, with a negative
shift of 47 mV, indicating an interaction between the CulL, complex and DNA.
The voltammograms further show a drop in the anodic peak current densities,
which can be attributed to the slow diffusion of the DNA—CuL, adduct [41].
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Figure 7. (a) Cyclic voltammograms of 0.1 mM CulLz in 0.1 M buffer phosphate
solution recorded at 0.1 V-s™' potential sweep rate on GC disk electrode in the
absence of DNA(0), and in presence of 0.12 (1), 0.24 (2), 0.48 (3), 0.96 (4),
1.44 (5), 1.92 (6) and 2.40 uM DNA (7), (b) the plot of log 1 /1 — (i/i,) versus
log 1 /[DNA] used to calculate the binding constant of ligand CulL2 with DNA.
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Binding constant and binding free energy

The decrease in anodic peak current density of the DNA-CuL,
adduct relative to the free CulL, complex is used to calculate the binding
constant and binding free energy, using equation 3 [42].

| 1
o9 [DNA]

= log K, +logﬁ 3)

where jo and j are the anodic peak current densities of the free CulL, complex
and the DNA—CulL, adduct, respectively, Kb is the binding constant, and
[DNA] is the concentration of the free ligand.

By plotting logl/[DNA] versus logl/1-(j/ j,), the binding constant

value Ky, = 1.33 x 10° M-" is obtained from the intercept of the plot, and the
binding free energy AG =-29.72 kJ.mol' at ~25 °C is calculated using
equation 4.

AG=-RTInK, (4)

where R is the universal gas constant and T is the temperature in Kelvin.

DNA Binding Study of CuL ; via molecular docking studies

Molecular docking studies of the CulL, complex with DNA were
performed to predict the binding site and favored orientation of the ligand
within the DNA. The three-dimensional crystal structures of DNA (PDB ID:
1WOT) and the CulL, complex (CCDC ID: 1044698) were obtained from the
Protein Data Bank (http://www.pdb.org) [43] and The Cambridge Crystallographic
Data Centre (https://www.ccdc.cam.ac.uk), respectively.

Before performing the docking calculations, crystallographic water
molecules and protein molecules were removed from the DNA crystal
structure, hydrogen atoms were added, and partial charges were assigned
to the DNA structure file. The PDB file format of the CuL, complex structure
was obtained from the CIF file and imported into the AutoDock molecular
docking software.

Fig. 8 shows the 3D conformation structure of the CuL, complex. All
docking studies were conducted on a Pentium 3.30 GHz microcomputer with
4.00 GB of RAM and running the Windows 7 operating system.

At the end of the docking runs, various binding energies of the ligand
were obtained with their respective conformations. The most stable
conformation corresponding to the strongest binding energy was selected as
the best pose for docking analysis. The binding energy of the docked
structure of the CuL, complex with DNA was found to be -29.93 kJ.mol" at
the 19t run. The magnitude of the calculated binding free energy indicates a
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high binding affinity between DNA and the CuL, complex, our results are in
good agreement with the previously published work by Ebtisam Alolayqgi and
coworkers [44]. A binding constant of 1.75x10° M~ at ~25 °C was derived
from the binding energy value. The DNA binding propensity of the complex
could be attributed to the presence of the imino-phenyl system.

oot

Figure 8. ORTEP of the compound Copper(ll) complex of Schiff base
N-3-bromopropylsalicylaldimine.

The results indicate that the CuL, complex interacts with DNA via
its oxygen atom through a hydrogen bond to the hydrogen atom of
deoxyadenosine DA11 (Figure 9).

Figure 9. Docking poses of CuL2 complex with DNA (PDB ID: 1WOT)
illustrating the interactions between DNA and the examined complex.
It shows the Cul: is attached in the minor groove via H-bonding.
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CONCLUSIONS

This work describes the electrochemical behavior of the copper(ll)
complex of the Schiff base, N-3-bromopropylsalicylaldimine, and its
electroreduction activity. This complex behaves as a monomer and is easily
electropolymerized by an electroreduction process, likely involving radical-
radical coupling at the para-positions of the phenoxy groups of the Schiff
base moieties or the reduction of C-Br bonds. The efficient electrocatalytic
activity of this new material (polyCul,) has been demonstrated through its
electroreduction in the presence of dioxygen.

Furthermore, the interaction of the copper complex with calf thymus
double-stranded (cb-ds) DNA was investigated. DNA interaction studies were
conducted using cyclic voltammetry and electronic spectroscopic techniques,
and the obtained experimental results were confirmed by molecular docking
calculations using the AutoDock 4.2 program. Molecular docking calculations
further visualized the interactions and clearly confirmed the groove mode of
binding of the Cu(ll) complex to cb-ds DNA.

Both experimental results and molecular docking calculations indicated
that the CuL, complex possesses significant binding affinity with DNA via
electrostatic interactions as the dominant mode. Additionally, the magnitude
of the binding energy confirms the electrostatic interaction of the studied
complex with DNA.

EXPERIMENTAL SECTION

Synthesis

The Cul, complex was synthesized following our previously reported
procedure [24].

DNA Extraction

DNA was extracted from chicken blood using the Falcon method [45].
The UV absorbance ratio at 260 and 280 nm was 1.97, indicating high purity
and minimal protein contamination [45]. The DNA concentration per nucleotide
was measured using electronic spectroscopy, applying the known molar
extinction coefficient value of 6600 M-1 cm-1 at 260 nm [46].

Cyclic Voltammetry and Software

Cyclic voltammograms were recorded at room temperature (~25 °C)
using a mono-compartment cell with a 5 mL capacity. The instrumentation
included a Voltal.ab 50 Potentiostat/Galvanostat controlled by a microcomputer.
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A conventional three-electrode system was used for all experiments in CH3CN
solutions containing 0.1 M TBAP and 0.001 M of the CuL, complex to identify
the electrochemical profile of the copper complex ligand. For the DNA
interaction study, experiments were conducted in phosphate buffer solution
at physiological pH 7.2.

The interactions between the CuL, complex and DNA were analyzed
using the AutoDock 4.2 program [47]. For docking calculations, the AutoDock
4.2 program was used, employing the Lamarckian Genetic Algorithm (LGA)
with a genetic algorithm (GA) search. Docking simulations were performed
using default parameters, with the number of runs set to 50, 150 individuals,
and 2,500,000 energy evaluations. The grid size was set at 70 x 60 x 126 A,
with points separated by 1.000 A. The grid centers were set at X = 30.562,
Y = 37.946, and Z = 18.681. The search was carried out on a grid of 41 and
51 points per dimension with a step size of 0.375 A, centered on the DNA
binding site. The best conformation was selected based on the lowest docking
energy.
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FABRICATING AND PROPERTIES OF RIFAMPICIN-
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ABSTRACT. Rifampin (Rif) is usually applied as first-line anti-tubercular drugs
but has limited bioavailability. Herein, Rif-loaded ethyl cellulose (EC) composites
was designed and fabricated by electrospray to improve therapy effectiveness
and duration. A novel stable disk-like drug delivery system was prepared, and
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), thermogravimetric (TG) analysis as well as in vitro release tests in
phosphate buffer solution (PBS) at pH= 4.0 and pH= 7.4. The SEM results
suggested EC/Rif composites had uniform circular surface and particle size
distribution with an average size ranged from 7.11 ym to 7.37 pm. Rif can be
physically and molecularly dispersed and incorporated into the EC matrix, as
confirmed by the XRD, FTIR, DSC, and TG results. At pH 7.4, the rate of Rif
release in EC/Rif composites improved with the increasing Rif content. For
EC/Rif sample with equal mass ratio, the highest cumulative release of Rif
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reached 64.6% at the end of 24 h, while at pH 4.0 the Rif release was slower to
24.8% at 24h. These results suggested that EC/Rif composites fabricated by
electrospray could be a promising strategy for controlling Rif delivery.

Keywords: ethyl cellulose; rifampicin; electrospray; amorphous, drug delivery.

INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuberculosis seriously
threatens public health around the world. 10.6 million new TB infections and
1.6 million deaths were reported in 2021 [1]. TB is a major global health
concern and the incidence is still on the rise [2]. Many anti-TB agents have
been developed and applied for the treatment of TB infections [3]. Rifampicin
(Rif) with ansa ring structure represents one of the most powerful first-line
anti-tubercular drugs because of its unique activity to inhibit bacterial RNA
polymerase [4]. However, the Rif efficacy is limited mainly due to its insoluble
in water, relatively short plasma half-life (2h) after oral administration and
hepatotoxicity [5-6]. An effective strategy to improve therapy effectiveness
and duration of Rif is to form micro/nano drug delivery systems by various
methods. Rif-loaded nanoparticles with branched poly(lactic-co-glycolic acid)
(PLGA) were prepared by nanoprecipitation method [7]. The research
showed that Rif was molecularly dispersed and sustained Rif release could
be ensured. Many steps such as centrifugation, redispersion cycles and
freeze-dry involved in preparing samples may be the applicable limitation of
the method. In another study, Rif-loaded PLGA particles were fabricated by
solvent evaporation method [8]. The drawback during the sample preparation
may be the excessive use of solvents. Tse J. Y. et al prepared Rif-loaded in
branched cyclic dextrin dry powder inhalers using the spray-drying technique
[9]. The relatively high inlet temperature at 130 °C may be detrimental to the
activity of Rif during the preparation course.

Electrospraying, as a cost-effective and one-step technique, uses
electrostatic force to prepare non-agglomerated micro/nanoparticles under
room temperature [10]. At the moment, electrospraying has been a promising
platform for pharmaceutical development and biomedical application [11-12].
Ethyl cellulose (EC) is permitted in good manufacturing without limited acceptable
daily intake and widely used in pharmaceutical industry for controlled release
of drugs [13]. Regrettably, there are few published reports on preparing
EC/Rif drug delivery systems by electrospray method. Therefore, in this study, we
loaded Rif into EC matrix by electrostatic spray. The detail properties of the
EC/Rifs were explored through the characterization of morphology, structure
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and thermal properties, as well as release behavior under acidic (pH 4.0) and
physiological (pH 7.4) conditions. This study would add insights for the further
development and application of EC/RIif delivery systems.

RESULTS AND DISCUSSION

Morphology

Figure 1 shows representative SEM (Hitachi Regulus 8100) images
of EC/Rif composites with different mass ratios of EC and Rif prepared by
electrospray. Particle size distributions were obtained through the Nano Measurer
software by counting 200 particles randomly. As shown in Figure 2, all EC/Rif
particles exhibited circular surface with dense surface voids. As illustrated in
Figure 1, mean particle sizes of 7.11, 7.13, and 7.49 ym were obtained for
EC:RIif 3:1, EC:Rif 2:1, and EC:Rif 1:1, respectively. The results suggested
that no significant change was found for the average particle sizes of
prepared different EC/Rif composites.

Structure analysis

Figure 2 shows the XRD (Rigaku Corporation SmartLab SE) and
FTIR (Thermo Scientific Nicolet IS-10) measurements of EC, Rif, and EC/Rif
composites. As shown in Fig. 2a, main peaks appeared approximately 7.5,
11.9, 13.8, 14.5, 16.3, 18.6, 20.5, 21.3, 22.3, 26.1, 29.4 and 36.7° in 26,
indicating the crystalline nature of Rif [14]. There exited peaks at 26 of 8.5°
and 20.0° for pure EC with properties of semi-crystalline structures [12]. For
EC/Rif composites prepared by electrospray, similar XRD patterns with EC
and no peaks of Rif were found, which further confirming that the prepared
composites are in amorphous state.

From the FTIR spectra of Rif in Figure 2b, characteristic peaks at
1725 cm™ (—C=0 stretching of ester bond), 1244 cm™' (C-O-C), and
941 cm™ (—-NH rocking) were observed [15]. For EC, the absorption about
1378 and 1110 cm™ were found and related to C—-H bending and C-O-C
stretching at low wavenumber, respectively. The peak about 3480 cm™ was
related to —OH stretching and the peaks at 2975 cm™" and 2862 cm™" were
corresponding to diverse C—H stretching modes [16]. For the FTIR spectra
of EC/Rif composites, the main characteristic peaks of Rif became weaker
than pure Rif, and the spectra were found similar to EC, and no new
characteristic peak was observed. The results suggested that no new
compounds were generated during the preparation of EC/Rif composites.
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Figure 1. SEM results and particle size distribution of prepared EC/Rif composites
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Figure 2. XRD and FTIR records of pure EC, Rif, and EC/Rif composites

Thermal properties

Figure 3 shows the thermal behaviors of pure EC, Rif, and EC/RIif
composites at different ratios measured by differential scanning calorimeter
(DSC) (Mettler-Toledo DSC823e) and thermogravimetric (TG) analysis (Mettler-
Toledo TGA/SDTA851e) with a heating rate of 10°C/min and N flow rate of
50 mil/min. As shown in Figure 3a, there exhibits an obvious exothermic
process [17] at 263.6 °C, and slighter lighter than the value of 240 °C reported
in the literature [18]. Perhaps some of the other 3 % within the used Rif with
97 % purity might cause a slow increase of the exothermic temperature. For EC,
no obvious melting and exothermic process were found. For EC/Rif composites,
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as the content of EC increases, the exothermic event belonging to Rif weakens
significantly and even almost disappeared. The absence of a peak can be
the indicator of complete conversion into an amorphous state [19]. The thermal
events from DSC curves of the EC/Rif composites were similar to that of pure
EC, indicating that Rif incorporated into EC in amorphous state, especially at
higher EC content.
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Figure 3. DSC, TG/DTG thermograms of pure EC, Rif, and EC/Rif composites
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The TG and derived thermogravimetry (DTG) profiles of pure EC, Rif
and EC/Rif formulations are shown in Figure 3b and Figure 3c, respectively.
The TG and DTG curves indicated that pure Rif was thermally stable until
240 °C, and two stages occurred for the thermal decomposition process. The
first stage occurred rapidly between 240 and 280 °C with a mass loss about
20%, while the second occurred slowly between 280 and 550 °C with mass
loss of 40%. Pure EC was found thermally stable up to 280 °C and the
thermal decomposition event occurred in one sharp step in the ranges of
280~400 °C with mass loss of 95%. EC/RIif formulations presents two weight
loss events, which could be corresponding to the thermal decomposition of the
Rif, Rif and EC, respectively. The weight loss values for EC:Rif 3:1, EC:Rif 2:1,
and EC:Rif 1:1 were about 11%, 14% and 17% for a temperature range of
200-280 °C, respectively. The first thermal decomposition event of the EC/Rif
composites was advanced and became slow compared to that of pure Rif
obtained from TG/DTG analysis. The results could be due to the presence of
the dilution of Rif in the prepared EC/RIif formulations powders in the present
work and corroborate with the characteristics presented by the literature [20].
The second weight loss event for EC:Rif 3:1, EC:Rif 2:1, and EC:Rif 1:1 were
about 75%, 72% and 65% for a temperature range of 280-550 °C, respectively.
These thermal analysis corroborating with the XRD and FTIR results of the
EC/Rif composites evidenced that Rif was molecularly dispersed in EC matrix.

In vitro release behavior

In vitro drug release profiles of EC/Rif composites with different Rif
contents are illustrated in Figure 4. Figure 4 showed that all EC/Rif
composites exhibited a relatively fast release of Rif within 8 h, followed by a
slow and sustained release as the time increased. As for EC:Rif 3:1
composite, nearly 12.8% of Rif was released at 8 h and 15.6% at 24h. The
sample EC:Rif 2:1 showed about 17.2% Rif released at 8 h and 24.4% at
24h. In contrast, sample EC:Rif 1:1 showed the greatest burst release with
approximately 54.1% of Rif over a 8 h period, and the highest cumulative
release value with 64.6% at the end of 24h. Compared to about 63% of the
Rif released after only 30 min from equal mass ratio of EC/Rif composites
through supercritical anti-solvent process [21], the release behavior of the
prepared EC/Rif composites by electrospray has a significant advantage.

The release profiles of Rif from the EC:Rif 1:1 microparticles for pH
7.4 and 4.4 buffer are presented in Figure 5. As seen, compared to pH 7.4,
the Rif release value from the EC:Rif 1:1 particle was substantially reduced to
16.3 % at 8h and 24.8% at 24h at pH 4.0, respectively. Under acidic conditions,
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the higher retention of Rif in the EC structure was pronounced. It was noticeable
that all EC/RIif formulations behaved incomplete release after 24 h. The Rif
release from EC/Rif matrice is proposed to be driven by the diffusion of Rif
through the semicrystalline structure of EC at pH 7.4 [22]. The higher dissolution
rate could be partly attributed to the increased amount of Rif located in the outer
surface of EC/Rif composites [23] and the partial amorphous conversion of
Rif at higher content, as confirmed by DSC. In addition, the increasing Rif
content in the EC/RIf systems could result in a large concentration gradient, then
the effective driving strength for diffusion increases, leading to an increase in Rif
release rate and cumulative release [24]. While under the acidic condition of
pH 4.0, the prevailing factors for the Rif release could be regarded as the
solubilization of the EC matrix and the diffusion mechanism become less
important [25].

CONCLUSIONS

In this research, we focused on improving the bioavailability and
therapeutic efficacy of rifampin, also known as rifampicin, a first-line drug
(antibiotic) used in tuberculosis treatment, by developing a novel drug delivery
system using ethyl cellulose as a matrix, fabricated using electrospray
technology, resulting in disk-like rifampin-loaded ethyl cellulose composites
at micro-nano scale. The study suggests that this newly fabricated composite
offer potential for controlled the antibiotic release, improving tuberculosis
therapy by prolonging drug release and responding to varying pH conditions,
thus enhancing rifampin’s bioavailability. Notably, the study has limitations or
potential challenges, such as scalability, interaction mechanism, and/or
biocompatibility, which are crucial for translating these findings to real world
applications (e.g. pharmaceutical products conditioning, dosage forms). Future
researches will focus on the exploration of testing in in vivo models or
investigating specific polymers other than cellulose.

EXPERIMENTAL SECTION

Materials

EC with chemically purity and Rif with 97% were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. China. Dichloromethane
(DCM) with analytical grade was bought from Sinopharm Chemical Reagent
Co., Ltd, China. Phosphate buffer solution (PBS) with pH = 7.4 was produced
by Beijing Labgic Technology Co., Ltd. PBS with pH = 4.0 was bought from
by Shanghai Yifen Scientific Instrument Co., Ltd.
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Sample preparations

As shown in Figure 6, the EC/Rif composites was prepared by
electrospray method, and the preparation process are as follows. Total mass
of 0.3 g mixture with EC and Rif were weighted forming the mass ratio of 3:1,
2:1 and 1:1, respectively, and fully dissolved in 10 mL DCM. Magnetic stirring
was applied to form uniform solution and named EC:Rif 3:1, EC:Rif 2:1, and
EC:Rif 1:1, respectively. The prepared solution was pumped by a syringe
pump (TYDO01-02, Baoding Leifu Fluid Technology Co., Ltd) with 10-mL
plastic syringe of 0.6 mm inner diameter stainless needle. A high-voltage
power source (DW-P303-1, TianJin Dongwen High Voltage Power supply
Corp) was applied to generate the electric field between the stainless nozzle
and the collector with aluminum foil. Other electrospray parameters of
prepared EC/Rif composites were as follows: flow rate was 1.5 ml/h, voltage
value was 18 kV, collection distance was 15 cm. The EC/Rif composites were
collected from the aluminum foil and then dried in a 50 °C oven for 2~3 hours

before further use.

Magnetic stirring High-voltage power Collector

(=

= S ey
o .

Figure 6. The schematic diagram of the EC/RIif preparation process

Drug release
Standard curve determination

Pure Rif was weighed in PBS solutions and fully dissolved to prepare a
series of concentrations (5, 10, 15, 20, 30, and 50 mg/L). Absorbance was
determined by a UV-Vis spectrophotometer (U3900 Hitachi, Japan) at 477 nm
with pure PBS solution as reference. The equation of the standard curve of
Rif was fitted and given below between the Rif concentration in the PBS solution
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against the absorbance record (Figure 7): C=0.03442xAbs-0.07768. The
correlation coefficient R2 was 0.9992, and the linear relation met well with the
Beer—Lambert law.
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Figure 7. Standard calibration curve of Rif at 477 nm

In vitro drug release behavior

About 30 mg EC/Rif composites with three replicate samples were
fully submerged in 100 mL of PBS buffer solution at a temperature of 37+1°C
and 100 rpm using a desktop constant temperature oscillator (TH2-312,
Shanghai Jinghong Experimental Equipment Co., Ltd, China). Fluid samples
were obtained at 0.5 h, 1 h,2h,4h,6h, 8h, 10 h, 12 h, and 24 h. Equal
fresh PBS medium was added after each sampling time to maintain the
volume of buffer. The absorbance of the fluid samples was measured by UV-
vis spectrophotometer and then the released Rif content could be computed
based on the standard curve of Rif.
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ABSTRACT. The objective of this study is to evaluate the pozzolanic activity
of metakaolin, glass powder and silica powder for use in cementitious mortars.
Thus, metakaolin was produced by calcination at 700 °C of a clay soil from
Burkina composed of kaolinite (62 wt.%), quartz (30 wt.%) and goethite (6 wt.%).
Glass powder consists of amorphous silica and silica powder essentially
contains quartz. The chemical characterization of materials showed that the
metakaolin and the silica powder belong to the category of type F pozzolans
while the silica powder would be type N. The lime saturation test reveals low
kinetics of lime fixation by the silica powder. On the other hand, the rate of
lime fixation by metakaolin and glass powder increases with treatment time.
The pozzolanic index of metakaolin and glass powder at 28 and 90 days is
higher than the minimum value of 75% required by the ASTM C618 standard.
The presence of metakaolin and glass powder within the cement matrix
improves the compressive strength of the resulting mortars due to their good
pozzolanic reactivity inducing the formation of calcium silicates hydrated (CSH).
Metakaolin and glass powder are therefore suitable for replacing cement in
the production of mortars in the construction field.

Keywords: Glass powder, Metakaolin, Silica powder, Cementitious mortars,
Compressive strength.
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INTRODUCTION

Cement is a necessary material for carrying out construction projects.
Unfortunately, its production is energy-intensive and not ecological [1-3].
Also, cementitious materials are confronted with certain pathologies such as
alkaline reactions, attacks by sulfate ions and the diffusion of chloride ions,
which considerably reduce the lifespan of cementitious products [4, 5]. To
remedy these problems linked to cement, several solutions are being
considered, including the use of pozzolanic additions to cement production
[6]. Among these pozzolanic additives, metakaolin and glass powder have
been the subject of several scientific studies [7—10].

Indeed, metakaolin is a material obtained by dehydroxylation of
kaolinite between 650 °C and 850 °C [11]. Its use as a cement additive makes
it possible to improve the properties of composites in terms of durability,
mechanical strength and resistance to chemical attack [12, 13]. This is how
the studies carried out by Sinngu et al showed an increase of approximately
30% in the long-term compressive mechanical strength of mortars containing
metakaolin compared to the reference mortar [14]. Also, the drying shrinkage
of the mortars was reduced by approximately 50%, after the incorporation of
10 to 15 wt.% of metakaolin in the mixtures. As for the glass powder, it comes
from the crushing of glass bottles. In most developing countries, glass bottles
are most often thrown into the environment after use, which constitutes
environmental waste. Its use as a pozzolan constitutes a solution to preserving
the environment. The work carried out on glass powder has also produced
convincing results [7, 15]. For Wang et al, the initial mechanical strength of
mortars containing glass powder is greater than that of the reference mortar
not containing glass powder [15]. Furthermore, to our knowledge, little work has
been devoted to the pozzolanic reactivity of silica powder [16]. Although glass
powder and metakaolin have been the subject of studies with a view to their
valorization as cement additives, the substitution rates vary from one author to
another author. Thus, according to Harbi et al, the addition of 25 wt.%
metakaolin in mortars contributes to improving their mechanical resistance
and durability thanks to its pozzolanic character which reduces porosity and
also water absorption [7]. For Malla et al, the addition of 12 wt.% metakaolin
and 10 wt.% glass powder leads to a considerable improvement in the split
tensile strength of concrete and can therefore be recommended as a potential
mixture [17].

Thus, the objective of this present work is to evaluate the pozzolanic
activity of metakaolin, glass powder and silica powder for use in cementitious
mortars. This involves developing ecological materials that can optimally
replace cement in the formulation of mortars. To do this, the materials will first
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be characterized and then their pozzolanic activity will be evaluated through
Frattini tests, lime saturation and determination of the pozzolanic index. Finally,
their influence on the compressive mechanical strength of mortars will be
studied.

RESULTS AND DISCUSSION

Materials characterization

The heat treatment of clayey materials results in the dehydration of
some of its components. Thus, the hydroxyl groups of goethite and kaolinite
become detached from the initial structures. In order to better understand the
dehydroxylation process, infrared spectra of raw clay and metakaolin
obtained by calcination at 700 °C with a heating rate of 10 °C/min for 2 hours
were carried out. Figure 1 highlights the comparison of the infrared spectra
of the raw clayed material and that thermally activated at 700 °C.
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Figure 1. Infrared spectra of raw clay and metakaolin

The analysis of Figure 1 shows that all the characteristic bands of
kaolinite have disappeared. Thus, at high frequencies, the disappearance of
the bands at 3689 cm' and 3620 cm-" of the hydroxyl groups of kaolinite is
due to the effect of heat treatment [9,18]. Furthermore, the characteristic
bands of the Si-O bond of kaolinite at 1114 cm™ and 1028 cm, initially present
in the raw clay, were transformed into a single wide band around 1055 cm-’
attributed to the asymmetry of Si-O—Al and Si—O-Si vibrations of amorphous
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silica [19]. The deformation vibration band of adsorbed water contained in
the raw material at 1642 cm' also disappeared [20]. The band at 911 cm-* of
the AI-OH bond of kaolinite is also absent. The disappearance of the Si-O-Al
bands (788 cm-' and 750 cm-) of kaolinite against the band at 752 cm-* for
metakaolin seems to indicate a distortion of the tetrahedral layers of the SiO4
group and the octahedral layers. The infrared spectrum of the glass powder
(Figure 2) shows only two bands around 1000 cm™"and 764 cm™' which could
be attributed to amorphous silica. The bands at 1140 cm™ and 775 cm™' of
the silica powder are due to the Si — O — Si bond of the quartz [9].

—Silica powder ——Glass powder 3
~

I — e "

Transmittance [%)

.................................

Wave number { cm!)

Figure 2. Infrared spectra of glass powder and silica powder

It appears from the analysis of the infrared spectra that the heat
treatment at 700 °C results in the transformation of the kaolinite from the clay
raw material into an amorphous phase which is metakaolinite.

The diffractogram of the glass powder in Figure 3 shows a halo around
22° (20) showing the disorder reigning in the material. This disorder could
characterize the presence of amorphous phases within the glass powder
[21]. Silica, the main element of glass powder, is then in amorphous form and
will give it good pozzolanic reactivity [22]. Analysis of the diffractogram
(Figure 4) of the silica powder shows that it is essentially made up of quartz.
The chemical composition of the materials is recorded in Table 1. Analysis of
the table shows that the samples are mainly composed of silica. Metakaolin is
particularly rich in alumina and iron oxide due to the mineralogical composition
of the clayey raw material. Glass powder contains a high content of SiOx,
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CaO and Nay0. Furthermore, the sum of the oxides SiO,, Al,O3; and Fe0s3
is greater than 70 wt.%, according to the ASTM C 618 standard, metakaolin,
and silica powder belong to the class of type F pozzolans [23]. However, the
CaO content of the glass powder is greater than 10 wt.%, so it belongs to the
category of N-type pozzolans [24].
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Figure 3. Diffractogram of glass powder
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Figure 4. The diffractogram of silica powder
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Table 1. Chemical composition of materials

Oxide  gi5, ALO; Fe:05 MgO CaO Na:0 K:0 TiO: LOP
(W.%)

MK 5938 2464 536 008 004 008 010 047 968
GP 7677 117 048 165 1115 1028 040 - 057

SP 86.67 982 010 0.05 013 016 0.07 03 27
MK : metakaolin ; GP : glass powder ; SP : silica powder ; 2 Loss on ignition at 1000 °C

Pozzolanic activity of materials

Results of Frattini and lime saturation tests

The results of the Frattini test are shown in Figure 5. Analysis of the
figure shows that the silica powder does not exhibit any pozzolanic activity
because it is above the solubility curve of portlandite. On the other hand,
glass powder and metakaolin are found below the solubility curve of
portlandite, which highlights their pozzolanicity [1, 24]. The results of the lime
saturation test are presented in Figure 6. Analysis of the figure shows that
the lime fixation rate of the materials is a function of the treatment time. From
the first 24 hours, metakaolin presents strong lime consumption kinetics with
a fixation rate greater than 50%. This strong reactivity of metakaolin is due
to its chemical composition. In fact, metakaolin is rich in silica, alumina and
iron oxide which constitute the reactive phases of a pozzolan. According to
Seynou et al, pozzolanic reactivity at a young age is governed by the
chemical composition, more precisely the silica, alumina and iron oxide
content of a pozzolan [9]. Glass powder and silica powder have a rate fixation
of 35.26 and 36.92% respectively, these values are slightly higher than the
value of 35% which constitutes the lime fixation rate at this age of commercial
metakaolins [16]. From 3 days, the pozzolanic reactivity of the glass powder
increases significantly with a lime fixation rate of more than 99% at 28 days.
The good pozzolanic reactivity of glass powder would be due to its
amorphous character [22]. Also, metakaolin has good reactivity between 7
and 28 days but less than glass powder. The lime fixation rate of silica
powder is low from the 3rd day and becomes almost constant between 7 and
28 days. This low reactivity would be due to the high quartz content in the
silica powder which would constitute an impurity and therefore hamper the
pozzolanic reactivity.
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Figure 6. Results of lime saturation test of materials

Pozzolanic activity index

The pozzolanic activity index was evaluated from the mechanical
compressive strength at 7, 28 and 90 days of age of the mortars containing
a partial replacement of 25 wt.% of Portland cement by the materials and
those containing only cement. The various results obtained are recorded in
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Table 2. Analysis of the table shows that the evolution of the pozzolanic index
of the materials is almost similar to their lime fixation kinetics highlighted by
the lime saturation test. Thus at 7 days, metakaolin displays the best pozzolanic
index. From 28 days to 90 days, glass powder presents the highest value of
the pozzolanic index followed by metakaolin. Silica powder has a pozzolanic
index that is almost low and constant over time. The pozzolanic index values
of the materials are then due to their pozzolanic reactivity. Indeed, pozzolanic
reactivity favors the consumption of portlandite in favor of calcium silicates
hydrated (CSH), hydrates responsible for the mechanical strength of the
mortar. Mortars containing metakaolin and glass powder at 28 and 90 days
of age display a pozzolanic index higher than the minimum value of 75%
required by the ASTM C 618 standard for a pozzolanic material [23].

Table 2. Pozzolanic index of materials

Pozzolanic index

Materials 7 days 28 days 90 days
Glass powder 71.43 92.52 106.19
Metakaolin 78.12 82.64 93.99
Silica powder 67.59 73.35 74.86

Mineralogical characterization

The pozzolanic reactivity of the materials was monitored through the
analysis of infrared spectra (Figure 7) carried out on the specimens produced
after 28 days of curing. Table 3 summarizes the different bands obtained as
well as their attribution. The portlandite (CH) band at 3600 cm-' is intense at
the level of the specimens containing silica powder, thus showing its strong
release in this mixture. On the other hand, this band is present in metakaolin-
lime and glass-lime powder mixtures but less intense. Also, we note an
absence of the band around 3500 cm™' of calcium silicates hydrated for the
mixture containing silica powder and lime. This reflects the low or non-
pozzolanic reactivity of this material as highlighted by the Frattini tests, lime
saturation and the pozzolanic index. Indeed, in the presence of water,
amorphous silica reacts with lime to form CSH, thus reflecting the pozzolanic
reactivity of the material. The calcium silicates hydrated are obtained in two
ways. First, when mixing cement with water, the dicalcium silicates (C>S) and
tricalcium silicates (CsS) of cement react with the water molecules, thereby
producing hydrated calcium silicates (CSH) and portlandite (CH) following
reactions (1) and (2) [18, 25]:

2C3S + 6 H — C3S:H3 (CSH) + 3 CH (1)
2 CyS +4H— C3S:Hs (CSH) + CH 2)
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CSH are also formed by pozzolanic reactions involving amorphous
silica and portlandite previously released by the hydration of cement. This
pozzolanic reaction takes place in three phases described by reactions (3),
(4) and (5) [26]:

Hydration of lime to produce portlandite: CaO + H,O — Ca(OH). (3)
Dissolution of portlandite: Ca(OH), «& Ca?* + OH- (4)

——Lime-Metakaolin —— Lime-Glass powder ——Lime-Silice powder

Transmittance (%o)

| 3640 ;
1640
1400

T R —

3600 3100 2600 2100 1600 1100 600
Wave number [cm)

Figure 7. Infrared spectra of specimens

Formation of CSH after solubilization of silica:
Ca%* + 20H- + Si0, -» CSH (5)

The presence of calcite is highlighted through the bands around 1400
and 874 cm™'. This calcite (CaCO3) comes from the carbonation of portlandite
(Ca(OH).) following the chemical reaction (6) [18]:

Ca(OH),; + CO, —» CaCOs3 + H0 (6)
Table 3. Bands attribution
Wave number (cm™) attribution References

3640 Portlandite (CH) [9]

3500-3400 CSH hydrate [9,26]
1640 Hydration water [27]

1400-1440 Calcite (CaCOs3) [28]
874 Calcite (CaCOs) [26]
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Influence of materials on the mechanical strength of cement mortars

After the study of pozzolanic reactivity, cementitious mortars were
manufactured by partial substitution of cement with different materials. Then, their
mechanical compressive behavior was studied. Figure 8 shows the evolution of
the mechanical compressive strength after 90 days of curing depending on
the content of the materials in the cementitious mortars. Analysis of the figure
shows that the evolution of the mechanical strength is of the same order as
the pozzolanic reactivity of the materials. Indeed, according to the results of
the lime saturation test in Figure 6, glass powder had the best lime fixation
rate followed by metakaolin. Similarly, the pozzolanic indices from 28 days of
glass powder (Table 2) were higher than those of metakaolin and silica
powder.

Thus, mortars containing 20 wt% of glass powder present the best
compressive strength values (54.8 MPa) followed by mortars amended with
15 wt% of metakaolin (49.55 MPa). The mechanical compressive strength of
mortars containing silica powder drops beyond 10 wt.% substitution. The
improvement in the mechanical resistance of mortars would be due to the
formation of CSH resulting from the hydration reaction of the anhydrous
compounds of cement (C3S and C.S) and by pozzolanic reaction following
reactions (1), (2), (3), (4) and (5) described previously [18, 25].

For Suzan et al, the improvement in the compressive strength of
cement mortars amended with metakaolin is mainly attributed to the pozzolanic
effect of metakaolin present in the cement matrix which could be detailed as
follows: when water is added to the cement-metakaolin mixture, free calcium
hydroxide (CH) is released and its concentration increases due to the initial
hydration of the cement [29]. The silica and alumina of metakaolin react with
calcium hydroxide to form secondary hydration products mainly in the form
of hydrated calcium silicate (CSH) with the formation of calcium aluminate
hydrates (C.ASHs, C4AH13, C3AHg) which were precipitated upon saturation
according to the reaction equation (7):

Ca(OH), + Mk(Al203. 2Si02) + H,O — CSH (27 hydration product) +
C2ASHs,CsAH13, C3AHs (7)

With: C=Ca0 ; S= SiOz s A:A|203 and H = Hzo

These secondary hydration products serve as micro-fillings which
leads to a reduction in the total porosity of the pastes and therefore an
increase in the total content of the bonding centers in the mortars consequently
causing an increase in their compressive strength values. According to Wang
et al, the improvement in the mechanical compressive strength of cement
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mortars amended with glass powder would be attributed not only to their
pozzolanic reaction but also to the filler effect of filling the pores of the mortars
with the powder [15]. The low mechanical resistance values of mortars
containing silica powder are due to their low pozzolanic reactivity which would be
attributable to their crystalline structure. According to studies carried out by
Seynou et al, quartz has no pozzolanic reactivity, only its filler character can
contribute to improving the mechanical resistance of mortars [9].

The reduction in the mechanical compressive strength of mortars
amended with metakaolin and glass powder would be due to the excessive
presence of these materials in the mortars. Indeed, the presence of impurities
in metakaolin could negatively influence the formation of hydrates responsible
for the good mechanical strength of mortars. The drop in mechanical strength
beyond 20 wt.% of the glass powder would be due to the low presence of
portlandite to ensure pozzolanic reactivity.
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Figure 8. Mechanical compressive strength at 90 days of different mortars

CONCLUSIONS

The objective of this study was to evaluate the pozzolanic activity of
metakaolin, glass powder and silica powder for use in cementitious mortars.
From the various results obtained, the following remarkable conclusions
emerge:
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(1) Glass powder and metakaolin consist of amorphous silica and
silica powder contains crystalline quartz. Metakaolin and silica powder
belong to the class of type F pozzolans and glass powder belongs to the
category of type N pozzolans.

(2) the Frattini test showed that metakaolin and glass powder have
pozzolanic activity while silica powder does not. The results of the lime
saturation test showed rapid lime fixation kinetics of metakaolin at 1 day and
from 3 days the glass powder, due to the amorphous structure, fixes lime
more than other materials. Silica powder has a low and almost constant lime
fixation rate over time.

(3) the values of the pozzolanic index of the materials are of the same
order of evolution as their pozzolanic reactivity with an index higher than the
minimum value of 75% fixed by the ASTM C618 standard from 28 days for
glass powder and metakaolin.

(4) the partial replacement of cement with glass powder and
metakaolin improves their compressive strength after 90 days of curing. This
improvement is due to the pozzolanic reactivity of these materials and their
effect of filling the pores within the cement matrix.

In short, the metakaolin and glass powder obtained could be used at
respective contents of 15 wt.% and 20 wt.% as cement substitutes in the
elaboration of mortars.

EXPERIMENTAL SECTION

Raw materials

Metakaolin was produced from Burkina clayey soil taken from the
rural commune of Saaba (12° 22’ North and 1° 26’ West). This raw material
has been the subject of previous scientific work [18,30]. Analysis of the
diffractogram (Figure 9) of this raw material shows that it contains kaolinite,
quartz and goethite as crystalline phases. The content of each of these
phases is recorded in Table 4. The presence of kaolinite in high content in
the clay raw material shows that it can be used for the formulation envisaged.
Indeed, kaolinite is a precursor for obtaining metakaolinite, which is the
reactive phase of metakaolins. Quartz improves the hydration of cement and
contributes to the pozzolanic reaction [1]. Thus, metakaolin was produced by
calcination at a temperature of 700 °C with a heating rate of 10 °C/min for 2
hours. The choice of this temperature is based on the analysis of the
Differential thermal analysis (DTA) curve of the clay raw material so as to be
located between the phenomena of dehydroxylation of kaolinite at 538 °C
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and recrystallization of metakaolinite at 973 °C (Figure 10). Also, this value
is between 650 and 850 °C which constitutes the temperature interval provided
by the literature [11].

Indeed, thermal activation leads to the dehydroxylation of the
kaolinite of the raw material into metakaolinite according to the reaction
equation (8) [18, 31]:

Sio05Al2(OH)4 (kaolinite) — 2 SiO2-AlO3 (metakaolinite) + 2H,O  (8)
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Figure 9. X-ray diffractogram of clayey raw material
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Figure 10. DTA curve of the clayey raw material

61



ISSIAKA SANOU, SAADA ZOUNGRANA, MOUSSA OUEDRAOGO,
ALI SANOU, YOUNOUSSA MILLOGO

Table 4. Mineral phases composition of clayey raw material

Mineral Kaolinite Quartz Goethite Total Balance

Composition (wt. %) 62 30 6 98 2

The glass powder was obtained by grinding to a particle size of 45 ym
used glass which was collected from landfills in the town of Bobo Dioulasso
in Burkina Faso.

As for the silica powder, it was taken from a quarry in the town of Bobo
Dioulasso in Burkina Faso and it has also been the subject of previous work [32].
The cement used for the mortars manufacturing is a CEM Il with strength
class 42.5 MPa from the manufacturing company CIMAF in Burkina Faso.
The chemical, mineralogical composition and some physical properties of
this cement are recorded in Table 5.

Table 5. Chemical, mineralogical composition and some physical properties
of the cement used

Chemical SiO2 Al203 Fe20; CaO MgO SOs; K:0 N:0
composition

(wt. %) 21.44 538 293 5545 487 18 065 0.23
Mineralogy CsS C2S CsA C4AF
(wt. %) 17.38 48.36 9.3 8.92
Physical Apparent Specific area Water Setting start time
Properties density (cm?/g) content (%) (min)
Value 1.18 3969 29 <120

Chemical and mineralogical characterization

The chemical composition of the materials was determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES) using an ICPE-9800
type spectrometer. The solutions were carried out by dissolving the samples
with lithium tetraborate (Li2B40O7). The mineral phases within the samples were
identified by coupling X-ray diffraction (XRD) and Fourier transform infrared
spectrometry (FT-IR). The powder diffractogram was recorded with a Bruker
AXS diffractometer using CuKa radiation as the radiation source and graphite
monochromator. The infrared spectrometer used for the identification of the
functional groups of mineral species is of the Perkin EImer FT-IR type.
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Chemical methods of pozzolanic activity

The effectiveness of a pozzolan in a cementitious matrix depends on
its ability to react with the portlandite released during the hydration of the
cement in order to form cementitious hydrates. This reactivity defines its
pozzolanic activity. Chemically, this reactivity can be carried out by Frattini
and lime saturation tests [16].

The Frattini test is one of the commonly used chemical methods to
determine the pozzolanicity of a material. The Frattini test procedure involves
preparing a 20 g mixture, consisting of 80 wt.% Portland cement with 20 wt.%
material added to 100 mL of distilled water. The mixture is stored at a
temperature of 40 °C for eight (08) days in tightly closed plastic bottles. After
these eight days, the mixture is filtered. The OH- ions contained in the filtrate
are then measured with a dilute solution of hydrochloric acid at 10-' mol.L"’
using methyl orange as a colored indicator. Then, the calcium ions (Ca?*) will
in turn be measured by X-ray fluorescence (XRF). The results obtained are
illustrated by a graph giving the concentration of Ca?* ions expressed in
mmol.L", equivalent to the quantity of CaO as a function of the concentration
of OH- ions also expressed in mmol.L". Additionally, from the lime solubility
isotherm, the pozzolanicity of the material is determined. Indeed, any material
whose coordinates ([OH-], [CaO]) are located below the solubility isotherm
of portlandite has pozzolanic activity and any material whose coordinates
([OH-], [Ca0]) are located above the solubility isotherm of portlandite has no
pozzolanic activity.

A simpler approach to studying pozzolanic reactivity is to use the lime
saturation test. Its procedure consists of preparing a mixture consisting of 1 g of
material and 75 mL of saturated lime solution initially prepared by dissolving
2 g of hydrated lime in 1 liter of distilled water. The hermetically sealed
mixture is kept for the test period set at 1, 3, 7 and 28 days. The concentration
of Ca?* ions in the different mixtures is determined by X-ray fluorescence.
Thus, from the quantity of calcium ions available in the initial mixture, the CaO
content fixed by the material can be determined as a function of the period
of the essay.

Pozzolanic activity index

The pozzolanic index constitutes the ratio of the mechanical
compressive strength of the specimens containing pozzolan and those not
containing it, called reference specimens. The value of the pozzolanic index
is obtained from equation 9

Ip = i—: X 100 (9)
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With, Ip: pozzolanic index ; Rp : mechanical compressive strength in MPa of
mortars containing pozzolan; Ry : mechanical compressive strength in MPa
of the reference mortar.

To do this, the mortar specimens were manufactured according to
standard NF-P-15-403 [33]. First the cement, the pozzolan ground to 80 ym
and distilled water are introduced into a mixer to mix for one minute at a
speed of 140 rpm. Afterwards, standardized sand is added and the mixture
is mixed again for 3 minutes at a speed of 280 rpm. Then a manual scraping
of the walls of the mixer tank was carried out. Finally, the cycle ends with a
three-minute mixing session at 280 rpm. The kneaded mixture is introduced
into 40x40x160 mm?3 prismatic molds and compacted mechanically. Once
leveled, the molds containing the samples are covered with plastic film and
stored in the cold room at a temperature of 201 °C. Unmolding is carried
out after 24 hours and the specimens are kept in the laboratory at 201 °C
in a vase containing distilled water until the day of the test set at 7, 28 days
and 90 days. Then, the mechanical compressive strength is determined
using a CONTROLAB S type press according to standard NF P 15-471 [34]

Mineralogical reactivity

During pozzolanic reactivity, hydrates similar to those of cement are
formed. Thus, monitoring the formation of these hydrates makes it possible
to ensure the pozzolanic reactivity of the different materials. To do this,
specimens consisting of lime, pozzolan and water were developed according
to mass ratios: pozzolan/lime = 1 and water/(pozzolan + lime) = 0.5. After
maturing for 28 days, the different composites were subject to mineralogical
characterization by infrared spectrometry.
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FORMULATION AND EVALUATION OF ANTIFUNGAL
MICONAZOLE NITRATE MEDICATED SOAP
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ABSTRACT. Miconazole nitrate containing soaps were formulated using
one commercially available soap base and three cold process soap bases
with various lipids. The aim of our work was to investigate the antimicrobial
activity and physicochemical properties of the obtained formulations. The
water loss and hardness of the soaps was determined 1, 2, 4 and 9 weeks
after preparation. The pH and foamability were determined after 9 weeks of
curing time. Two Gram-positive, four Gram-negative bacteria and two yeast
(Candida spp.) strains were used in the microbial study. The miconazole
content was determined with HPLC-UV analysis. Antimicrobial assay
showed that all medicated soaps were effective against Candida albicans.
The API had minimal influence on the physicochemical properties (water
loss, pH, foamability and consistency) of the soaps. All soaps possessed
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good lathering properties and an alkaline pH (9.2-11.3). The miconazole
content of the soaps varied from 2.72 % to 5.12 % as revealed by HPLC-UV
analysis.

Keywords: miconazole, medicated soap, Candida albicans, olive oil.

INTRODUCTION

The aim of our work was to formulate and obtain miconazole containing
medicated soaps using different soap bases (containing various natural oils),
and to investigate the antimicrobial activity and physicochemical properties of
the obtained formulations, such as water loss, consistency, pH and foamability.
To determine the active substance content, HPLC method was applied.

Superficial mycoses

Superficial fungal infections, involving cutaneous stratum corneum,
hair and nails are estimated to affect billions of people worldwide, thus being
among the most frequent forms of infections. Due to the lack of regular and
national surveillance, poor diagnostic and no reporting obligations, incidence
rates are usually underestimated and determined by extrapolating local
and literature data [1]. The fungal pathogens causing skin mycoses are
dermatophytes (Epidermophyton spp., Microsporum spp., Trichophyton spp.),
yeasts (Candida spp., Malessezia spp.) and molds (Aspergillus spp.). The most
common clinical manifestations of these infections are dermatophytosis,
onychomycosis, superficial candidiasis and pityriasis versicolor [2].

Their prevalence depends on socio-economic conditions, geographical
location and environmental and cultural habits [3]. Several factors predispose
to superficial fungal infections, including physiological factors (infancy, pregnancy,
aging, menses), dermatoses, trauma, endocrine diseases (diabetes mellitus,
hypothyroidism), immunological dysfunctions (HIV), chemotherapy, antibiotics
and immunosuppressant therapy [2,4].

In order to invade healthy human tissue, fungi have to adapt to various
environmental factors. Hence, fungal pathogens can respond to host-derived
stresses, grow at temperatures of 37°C, take up and metabolize nutrients
from their host [5]. In addition, fungal pathogenicity also depends on virulence
factors, such as dimorphism, biofilm formation, the expression of adhesins,
invasins and virulence enzymes (keratinase, cellulase, protease) [6]. Fungal
pathogens adapt to changing environmental pH and modulate the skin
surface pH from acidic (4.7) to alkaline through various mechanisms [7]. Most
fungi take up amino acids and alkalinize their environment by releasing urea
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or ammonia; as an additional mechanism, C. albicans, seems to neutralize
the pH of its environment through the utilization of carboxylic acids (such as
pyruvate, a-ketoglutarate and lactate) [8]. The resulting neutral-alkaline pH
disturbs the regulation of the keratinization enzymes required for the renewal of
the stratum corneum, leading to host tissue damage and increased virulence [9].

Candida strains such as C. parapsilosis, C. krusei, C. tropicalis, C.
albicans and C. glabrata have also been found on healthy skin, C. parapsilosis
being the most prevalent species [10]. C. albicans is seldom an inhabitant of
healthy skin, yet it was identified as the most common infectious agent of this
genus, followed by C. parapsilosis [11,12]. When examining the skin microbiome
of patients with atopic dermatitis or primary immunodeficiencies, Malassezia spp.
remained the predominant species, however the abundance of Candida genus
increased [13,14]. In the case of diabetic patients, a high number of Cladosporium
herbarum and C. albicans was found in chronic non healing wounds, C.
parasilopsis and C. tropicalis were also identified [15].

The most frequent forms of superficial candidiasis are intertrigo,
interdigital candidiasis, diaper dermatitis, perianal dermatitis, paronychia and
onychomycosis. Intertrigo or inflammatory dermatosis is the result of friction
and irritation created by opposing skin surfaces, which often occur in infancy,
obesity, diabetes mellitus, hyperhidrosis and in those who are bedridden.
Due to the damaged epidermal tissue, warm and moist medium, secondary
fungal infections with Candida are frequent [4,16]. Diapers also ensure
favorable conditions for C. albicans due to moisture, elevated pH and the
presence of irritating urine and stool enzymes. As a result, diaper candidiasis
often complicates non-infectious diaper dermatitis in infants, small children
and elderly people [17].

To treat superficial fungal infections, antifungal drugs can be administered
topically and systematically. Topical treatment of fungal skin infections is
preferred to systemic delivery due to direct drug administration onto the infection
site, high local drug concentration, reduced systemic adverse effects, ease
of administration and improved patient compliance [18].

Pharmacological use of miconazole nitrate

Miconazole nitrate (1-[2-(2,4-dichlorophenyl)-2-[(2,4-dichlorophenyl)-
methoxy]-ethyl]-1H-imidazole mononitrate) is a lipophilic imidazole derivative
with a broad-spectrum of fungistatic activity [19, 20]. Imidazole derivatives
target the ergosterol biosynthesis in yeast through lanosterol 14-a-demethylase
(CYP51).
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Ergosterol, a 5,7-diene oxysterol is an essential fungal cell membrane
sterol synthesized in the endoplasmic reticulum, which maintains the fluidity,
permeability and thickness of plasma membranes and protects the phospholipid
bilayer against mechanical and oxidative stress [21, 22]. Besides plasma
membranes, ergosterol has been found in the membranes of intracellular
organelles such as endoplasmic reticulum (ER), mitochondria, peroxisomes
and vacuoles, where it regulates the localization and activity of enzymes within
the membrane (Cdr1 efflux pump, H+-ATPase, V-ATPase) [23]. To form
ergosterol, CYP51 catalyzes the three-step C14-demethylation of lanosterol [24].
This step of the ergosterol synthesis is inhibited by imidazole derivatives,
which bind to the haem group of CYP51 enzyme through the free nitrogen
atom in the imidazole ring [25]. Takahashi et al. used miconazole soaps for
cleaning diaper-covered sites of elderly patients, which significantly reduced the
pseudohyphae/blastoconidia of Candida spp. when compared to control [26].
Jagdale et al. demonstrated the effect of medicated soap strips prepared by
dipping paper in miconazole soap solutions [27].

Miconazole also exerts antibacterial effect against gram-positive aerobic
bacteria including Enterococcus spp., Streptococcus spp., Staphylococcus
aureus, methicillin-susceptible, methicillin-resistant and fusidic acid-resistant
S. aureus [28, 29]. The antibacterial activity of miconazole is attributed to
its ability to bind to the haem group of flavohemoglobin, thus inhibiting its
NO dioxygenase and alkyl hydroperoxide reductase activity and increasing
the intracellular oxidative stress [30]. Miconazole has rapid clearance
and low oral bioavailability due to its poor aqueous solubility and low
gastrointestinal absorption [31], therefore topical administration is preferred.
Topical pharmaceutical dosage forms such as cream, gel, ointment, powder,
spray and tincture usually contain 2% miconazole, which are generally well
tolerated and effective in the treatment of superficial fungal infections [32].

Soap obtaining: saponification process, lipids and alkali

Natural soaps are anionic surfactants defined as the alkali salts of
fatty acids obtained from plant oils and animal fats [33]. The triglycerides,
esters and fatty acids contained in these lipids are saponified using a warm
aqueous base, typically potassium hydroxide (KOH) or sodium hydroxide
(NaOH). Triglycerides (triesters of fatty acids with glycerin) and fatty acid
esters are converted to fatty acids, which are then neutralized to produce the
salts [34]. Glycerin is a by-product of the saponification process that is left in
or sometimes added to soaps for skin conditioning, enhancing product quality
(softness, appearance), and as a processing aid [35].
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Soaps can be manufactured via cold, hot (semi-boiled) or fully boiled
process considering the temperature whereas the saponification reaction
takes place. In the cold process, an exact amount of lye is used in order to
avoid excess unreacted lye in the finished soap. The saponification index of
the lipids is used to ensure the correct ratios of water, oils and lye, as the various
fat and oil sources contain different types and amounts of triglycerides, esters
and fatty acids [36]. Once the lye and lipids are mixed, saponification takes
18 to 24 hours to complete, and no additional heat is required [37]. Soaps
are often formulated to contain an excess of fatty acids (approximately 5%)
in order to ensure the absence of unneutralized lye and to reduce the
harshness of the soap [38]. Superfatted soaps with 2-5% excess fats or oils
are harder, less prone to cracking, and show good leathering and moisturizing
ability [39, 40]. In the hot process, the mixture is heated to 80-100 °C (near
boiling temperature) in order to accelerate the reaction. In the fully boiled
process, the reactants are boiled, and the mixture is washed to remove any
impurities, spent lye and glycerin [41, 42].

Besides the manufacturing process, the chemical properties of soaps
depend on the composition and the nature of the lipids, and the alkali used
in the saponification process. Unsaturated fats are susceptible to oxidation,
slowly become rancid, reduce soap hardness, but also provide moisturizing and
skin nourishing properties [43,44]. To balance out the soap formula, saturated
fatty acids are used to produce harder soaps [39]. Short chain fatty acids
(C10-C14) produce more soluble and harder soaps with good foamability.
Longer chain fatty acids (C16-C18) contribute to the cleansing property of
soap and provide a longer lasting soap [34, 45]. Very long-chain fatty acids
(C22 and higher) provide bar integrity [46].

Animal fats (lard, tallow) tend to be richer in long chain saturated fats
(C16:0, C18:0) and monounsaturated fats (C18:1), hence these are often
combined with coconut oil which contains shorter chain length (C8:0—-C14:0)
saturated fatty acids. The ratio of tallow/coconut oil used for soap manufacture
generally ranges from 85:15 to 75:25. Lather quickness improves, while foam
stability decreases with the increase of the coconut oil content [37, 47].
Beeswax contains approximately 12% free fatty acid and 40-45% monoesters
of C24-C34 alcohols [48, 49]; it produces harder soaps with high foamability,
which have lower foam stability at higher concentrations (35%) [50]. High
beeswax content causes the soap to solidify quickly during preparation [36].

The most used oil sources in natural soaps are coconut, palm kernel,
palm, olive, rice bran and sunflower seed [51]. Nut oils such as coconut and
palm kernel oil are found in a variety of commercial soaps due to their low cost.
Short chain saturated fatty acids from these oils produce harder soaps which
lather readily but not stably; however, saturated fatty acids with 10 or fewer
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carbons confer objectionable odors, irritate and dry out the skin [44]. Palm oil is
often used as an alternative for tallow as it also contains C16-C18 fatty acids,
which produce slow-lathering soaps with more resistant foam [52]. Kuntom
et al. found that the foamability and hardness of soaps derived from palm
and palm kernel oil blends is reduced as the palm oil content increases [45].

Olive oil is composed mainly of triacylglycerols of unsaturated free fatty
acids, yet it still produces hard soaps with stable lather and skin conditioning
properties. Cocoa butter is used for its moisturizing effect, and it also helps to
produce harder soaps with good lather [53].

The aqueous solutions of natural soaps neutralized with NaOH have an
alkaline pH of 10-11 due to the quantity of alkali released after the dissociation
of fatty acid salts. The pH can be further increased when residual amount of
alkali is retained in the soap during manufacture [49]. Most commercial soaps
have a pH ranging between 9 and 11 with a few soaps having higher pH
levels (up to 11.5) [54]. The physiological skin pH is normally acidic (pH 4.1-5.8);
elevated values have been detected in infant and elderly skin due to reduced
buffer capacity [55]. The skin surface pH also increases after a single washing
procedure with alkaline soaps; however, these increases are recovered
gradually in 6 hours [56]. Anionic surfactants interact with lipids and keratin
filaments of the skin causing reversible expansion of the cell membranes and
enhancing the permeability of the skin for active pharmaceutical ingredients
[57].

Soap monographs are official in Austrian Pharmacopoeia (OAB 2008),
British Pharmacopoeia (BP 2019), Korean Pharmacopoeia (KP 10), Japanese
Pharmacopoeia (JP XVII), Swiss Pharmacopoeia (Ph. Helv. 11) and US
Pharmacopoeia (USP 42-NF 37). Medicinal soap mentioned in both Korean
Pharmacopoeia and Japanese Pharmacopoeia is defined as the sodium salts
of fatty acids. The British Pharmacopoeia includes a monograph for soft soap,
which is “made by the interaction of potassium hydroxide or sodium hydroxide
with a suitable vegetable oil or oils or with fatty acids derived there from. It
yields not less than 44.0% of fatty acids”. Hard soap (Sapo durus) in Austrian
Pharmacopoeia is prepared by melting together lard and olive oil, adding a
mixture of sodium hydroxide solution and ethanol. US Pharmacopoeia also
mentions soaps and shampoos as a dosage form with surface-active properties
that facilitate the topical administration of the active pharmaceutical ingredient
(usually antimicrobial agents).
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RESULTS AND DISCUSSION

Weight loss observed during soap curing can be attributed to the
evaporation of water. The soaps were kept at room temperature at a relative
humidity of 40-60%. Water loss was followed by comparing the weekly weight
decrease to the initial weight measured one week after preparation (Table 1).
Soaps prepared using the melt-and-pour method do not require curing time
as they are ready to use after they harden [58]. Cold process soaps are
generally cured for 4 to 6 weeks [59]. The maturation process for castile soap
(made from olive oil) is longer, sometimes up to 6 months [60]. At 2 weeks
MIX-1-M soaps had the smallest decrease in weight. At 4 weeks soap MIX-
2 lost the most amount of water. After the 9-week period the commercial soap
had the highest weight loss. OLI and OLI-M soaps present the same weight
loss, and the lowest one from all compositions.

Table 1. Weekly weight loss during a 9-week period, and physicochemical and
active substance measurements at the end of the curing time.

Weekly weight loss (%) compared to

Ly Foam Miconazole
Soap initial measurements H  volume content
type Week 2 Week 4 Week 9 P o ooeSD
AVGzSD AVGxSD AVGzSD o=

coM 5.2%+0.003 6.1%=0.004 13.3%+0.007 9.2 80

COM-M  5.1%%0.001 6.3%+0.003 13.9%+0.003 9.3 66 2.72%+ 0.5
oLl 5.0%+0.006 6.3%%0.008 8.1%x0.009 10.2 50

OLI-M 4.6%+0.002 7.1%+0.003 8.1%x0.005 10.2 57 2.85%+ 1.69
MiX-1 3.0%+0.002 6.4%+0.001 10.9%+0.011 11.3 59

Mix-1-M  3.0%+0.006 6.5%+0.014 9.2%+0.015 10.1 65 4.92%+ 1.68
MIX-2 4.9%+0.001  8.7%=0.002 12.4%+0.007 111 56

MIX-2-M  4.6%+0.006

8.2%+0.005

10.7%10.008 g2 80 5.12%% 0.65

Penetration depth value reflects the hardness of the product. Low
penetration value indicates harder consistency, high penetration value indicates
softer soap. Initial penetration values (Figure 1) indicate that soaps were
softer immediately after production.

The hardness of medicated soaps was different from control soap
during the first period of curing. At 9 weeks each soap had similar consistency,
the commercial soaps being softer when compared to cold process soaps.
The two commercial soaps and OLI control showed mild changes in their
consistency during the maturation process. MIX-1-M medicated soaps had
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the highest penetration values from 1 to 4 weeks, suggesting soft consistency
despite it losing the most amount of moisture out of the cold process soaps.
Medicated cold process soaps were initially softer than control, this tendency
remained the same in the case of MIX-1-M and MIX-2-M blends at the end
of the maturation process. In the case of the OLI soaps, control had higher
penetration values, indicating softness compared to medicated OLI soap.
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Soap type

Figure 1. Initial penetration values measured at 1, 2, 4 and 9 weeks

The overall homogeneity of the soap was evaluated at the end of the
maturation process (9 weeks) by comparing the difference between the
penetration values measured at 5, 10, 15, 20, 25 and 30 s. As the needle
entered deeper in the soap, the penetration value increased but with a different
amount. The difference between the penetration values of two timestamps
(5-10, 10-15, 15-20, 20-25 and 25-30, respectively) decreases with the depth
of penetration, suggesting that the soaps were harder in the centre. Soaps
with similar penetration value differences dried more homogenously. OLI| soaps
showed almost no difference between the penetration values of two different
timestamps further suggesting the hardness of the soap. The penetration
values of medicated MIX-1-M blend indicate the largest variation in the soap
consistency compared to other soaps.

Penetration values probably depend on the composition of the soaps.
Olive oil containing soaps are known for their unique properties that may be
explained by the components of the oil (fatty acids present in olive oil are
palmitic, palmitoleic, stearic, oleic, linoleic, and linolenic acids) [61]. Beeswax
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and cocoa butter are solid soap components modifying the consistency of
the soaps MIX, MIX-1-M, MIX-2 and MIX-2-M (Figure 2). The foamability and
pH of the various soap samples are represented in Table 1. Each soap showed
great lathering properties. Cold process soaps with active pharmaceutical
ingredient had better foamability than control, while the contrary was observed
in the case of commercial soap. The commercial control soap exhibited the
highest foamability followed by the medicated MIX-2-M blend. High foamability
does not mean high cleansing, however, most consumers think that way,
therefore it is important for product desirability [46].
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Figure 2. Penetration values measured at 9 weeks

The pH of the medicated soaps was within the normal range for
commercial soaps (9-11). Two control soaps had higher pH values (MIX-1-M
and MIX-2-M); these were still under 11.5. The pH of the commercial soap
was the lowest. Among the prepared soaps OLI and OLI-M have the lowest
pH.

Table 2 shows antimicrobial activity of the soap samples. Each medicated
soap was effective against C. albicans, commercial and OLI soap having the
largest inhibition zones (Figure 3).
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Table 2. Microbial test results

. . Diameter of zone of inhibition (mm)
Microorganism

COM COM-M OLI OLI-M MIX-1 MIX-1-M MIX-2 MIX-2-M

Staphylococcus aureus R 112 R R R R R R
Enterococcus sp. R R 11 1 R R R R
Escherichia coli R R R R R R R R
Klebsiella sp. R R R R R R R R
Salmonella typhimurium R R R R R R R R
Pseud'omonas R R R R R R R R
aeruginosa

Candida albicans R 20 R 20 R 19 R 152
Candida parapsilosis R 11 R R R R R R

The diameters of the soap solution drops were 10 mm, R — resistance,
a — drop with a 9 mm diameter

’ COM-M COM-M

MIX-2-M MIX-2-M

MIX-1-M MIX-1-M

\\ OLLM  MIX-1

OLI-M MIX-1

Staphylococcus aureus Enterococcus

¥ COM-M

7 COM-M

MIX-2-M
MIX-2-M

MIX-1-M

MIX-1-M

OLI-M
OLI-M MIX-1

Candida albicans Candida parapsilosis

Figure 3. Plates showing zone of inhibition
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HPLC method validation

Miconazole shows a linear response between 5-100 pg/ml. The accuracy
was tested at three concentration level by adding known amount of miconazole
to the soap matrix: then dissolving it in 10% methanol aqueous solution to
obtain solutions with 20 pg/ml, 40 pug/ml and 60 pg/ml concentration, respectively.
The precision of the method tested at 40 pyg/ml expressed in CV% is 0.76.
The LOD and LOQ concentrations were 1.25 ug/ml and 4.16 pg/ml, respectively.

The validation parameters of the method are shown in Table 3.

Table 3. The validation parameters of the method

Parameter Result Statistical analysis Comment
R?=0.9990
Shapiro-Wilk test
Linearity 5-100 pg/ml W=0.918 (p=0.51) accepted range
0.787-1.0
F=5017.80 p<0.05
Accuracy (%)
20 pg/ml 101.7-102.3 .
40 ug/ml 1015-1026 1 0-9991
60 pg/ml 100.2-101.3
Precision (CV%) 0.76% - -
LOD 1.25 pg/mi - -
LoQ 4.16 pg/mi - -

Figure 4 shows a typical chromatogram of a soap sample (tr miconazole
7.14 £ 0.10 min), a spiked sample and the matrix solution, no interference
from the matrix can be observed on the retention time of miconazole.

The miconazole content of the soaps shows a content of 2.72 % to
5.12 %. Uniformity content is influenced by the preparation method and the
conservation of the soaps. The uniformity had been determined after more
than 9 weeks of preparation. In the meantime, the soaps lost water, presented
weight loss, which leads to the increase of miconazole content. Miconazole
had been suspended in the soap base and the turn into moulds, then allowed to
cool. At sampling from the soaps, probes were collected from different places,
heights of the soaps. Miconazole might have sedimented during the cooling
phase of preparation.
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Figure 4. Chromatogram of a soap sample (1 — 60 ug/ml spiked matrix solution;
2 — matrix; 3 — sample OLI-M)

CONCLUSIONS

Medicated, miconazole nitrate containing soaps may be used by
medical staff for handwashing and for cleaning skin zones of patients
predisposed to fungal infections, the active pharmaceutical ingredient inhibiting
the growth of Candida albicans in microbiological study. The influence of
miconazole nitrate seems to be minor on the properties of the soaps. Olive
oil containing soaps presented the lowest weight loss, the lowest pH, and
proper consistency during conservation.

EXPERIMENTAL SECTION

Lipids and alkali used for soap preparation

Medicated and control soaps were prepared using four soap bases,
three of which were formulated using various lipids and a 25% sodium
hydroxide (NaOH) solution. Solid NaOH was weighed and dissolved in distilled
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water to prepare the 25% NaOH solution. Each formulation contained olive oil,
which was combined with beeswax, cocoa butter and sunflower oil in some
of the mixtures (Table 4). A commercial ly4e calculator X was used to select
the composition of the different formulations considering their saponification
index [62]. An approximately 1:2 ratio of lipid and alkaline solution was used
with a 5% excess lipid. A commercial soap base was used for comparison,
containing coconut oil, palm oil, safflower oil, glycerin, water, sodium hydroxide,
sorbitol, propylene glycol, sorbitan oleate, oat protein.

Table 4. Composition of various soap samples

Soap type

Ingredient (gy COM COM-M  OLI OLI-M  MIX-1 MIX-1-M MIX-2 MIX-2-M
Miconazole - 067 - 0.89 - 0.89 - 0.89
nitrate
Commercial 33 30 ) ) i i i i
soap base
Olive oil - - 30 29.1 12 11.1 9 8.11

0,
25% l.\laOH - - 15.4 15.4 14.3 14.3 14.5 14.5
solution
Sunflower oil - - - - 12 12 12 12
Beeswax - - - - 6 6 3 3
Cocoa butter - - - - - - 6 6

Cold process soap formulation

The oils and butters were mixed in an evaporating dish and heated
to 70 °C on an electronic water bath. In the case of the beeswax containing
mixtures, the lipids were melted at 85°C to get a homogenous liquid. The
olive oil content of medicated soap bases was reduced and replaced with the
active pharmaceutical ingredient (2% miconazole nitrate) which was added
after melting the lipids. The required amount of alkali solution with the same
temperature as the lipid mixtures was slowly poured into the melted lipids,
while stirring vigorously until the trace stage, which corresponds to the
mixture thickening to the consistency of pudding. Then the mixture was
poured gradually into molds and dried for 48 h before unmolding. The soap
bars were cured at room temperature for several weeks and the maturation
process was followed at 1, 2, 4 and 9 weeks.
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To prepare the medicated soap from commercial soap base the melt-
and-pour method was used, during which the soap base was melted at 50°C,
then mixed with miconazole nitrate and poured into molds.

Following water loss

To measure water loss from soap overtime, the weight of each soap
sample was determined 1, 2, 4 and 9 weeks after soap preparation with Kern
ABJ 220-4NM analytical balance at room temperature. Three parallel samples
were measured.

Hardness measurement by penetrometry

The hardness of the soaps was determined using an automatic
penetrometer (VEB Feinmess Dresden) equipped with a penetration needle
with a 1 mm diameter and 40 mm exposed needle length. The penetration rate
was recorded in penetration units (0,1 mm). The penetration depth was measured
at room temperature every 5 seconds during a 30 second period. The
measurements were repeated at 1, 2, 4 and 9 weeks after soap preparation
with three samples.

pH measurement

50 ml solutions were prepared by dissolving 2.0 g of each soap sample
in distilled water. The pH value of each sample was measured after 30 minutes
at 25°C using a pH meter (Consort C831 multi-parameter analyzer).

Foamability test

The foamability of the soap samples was determined by dissolving
2.0 g of soap in distilled water for 30 minutes to prepare 50 ml solutions in a
graduated cylinder. Later, the solutions were shaken vigorously for 1 minute,
allowed to settle for 10 minutes; then the foam volume was measured in ml.

Antimicrobial assay

Two Gram-positive (Staphylococcus aureus, Enterococcus), four Gram-
negative (Escherichia coli, Klebsiella sp., Salmonella typhimurium, Pseudomonas
aeruginosa) and two yeast (Candida albicans, C. parapsilosis) strains were
used in microbial study. Each strain was inoculated in a sterile saline solution
to make a suspension equal to 0.5 McFarland (1,5x108 CFU/ml) and plated
on Mueller Hinton Agar supplemented with 10% defibrinated sheep blood.
1:10 soap solutions were prepared by dissolving the soaps in distilled water
for 24 h. 10 ul of each soap solution was placed on the plate at 2.5 cm distance
from each other. The inoculated plates were kept at room temperature for 30
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minutes to allow diffusion of the agent into the agar; this was followed by 24
h incubation at 37 °C. After incubation, the zone of inhibition and the diameter
of the 10 ul soap solution were measured in millimeters.

HPLC measurement of drug content

The HPLC-UV (Merck Hitachi HPLC system: D-7000 interface, L-7100
quaternary pump, L-7612 solvent degasser, L-7200 autosampler, L-7455 DAD
detector and HSM 4.0 software) determination of miconazole nitrate content
of the soap samples was performed isocratically on EC HPLC column 150 x
4.6 mm NUCLEODUR® PolarTec, 3 pum (Macherey Nagel, Germany) and 5 mM
phosphate buffer (pH=8.73+0.02) and acetonitrile (25:75 w/w%) as mobile
phase, with a flow rate of 0.75 ml/min. Detection and best chromatogram
extraction were carried out at 222 nm. The column was maintained at an
ambient temperature and an injection volume of 30 ul was used.

Analytical validation parameters such as linearity, precision, accuracy,
specificity, LOD and LOQ were tested. For these parameters a stock solution
of miconazole nitrate in 1 mg/ml concentration was prepared by dissolving the
active ingredient in methanol, and this was diluted with blank solution (suitable
amount of soap, without active ingredient, dissolved in 10% methanol solution
in purified water) to obtain standard solutions. The linearity of the method was
tested in 5-100 pg/ml concentration range. The accuracy was verified at three
concentration levels by adding known amount of miconazole to the soap matrix:
then dissolving it in 10% methanol aqueous solution to obtain solutions with
20 pg/ml, 40 ug/ml and 60 pg/ml concentrations, respectively. The precision
of the method, tested at 40 ug/ml was expressed in CV%. The LOD and LOQ
values were evaluated at a 3:1 and 10:1 signal-to-noise ratio.
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ELECTROSPINNING AS TOOL
FOR ENZYME IMMOBILIZATION
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ABSTRACT. Enzyme immobilization (covalent or noncovalent) on solid
supports such as nanomaterials, resins or polymers can enhance the enzyme
activity-, and selectivity, improving their stability. The present research is
focused on the non-covalent immobilization of lipase B from Candida antarctica
(CaL-B) into polyvinyl alcohol (PVA) nanofibers via electrospinning with the aim
to prepare a stable and reusable biocatalyst compatible with organic reaction
media. Polymer solutions of 8, 10 and 12 w/iv % concentrations were used to
investigate the effect of the polymer concentration on the biocatalyst's activity.
The immobilized enzyme amount was determined using the Bradford assay, while
structural characterization was performed by transmission electron microscopy.
The immobilized enzyme preparates were tested in the enzymatic kinetic
resolution of (rac)-1-phenylethanol and its halogenated derivatives through
transesterification with vinyl acetate in batch mode. The highest conversion was
obtained in case of CalL-B entrapped in electrospun nanofibers prepared from
10 w/w % PVA solution (noted as 10%—PVA-CalL-B) and its high stability
was confirmed in recycling experiments. It was found that after the 5" cycle
the biocatalyst maintained 88% of its initial activity.

Keywords: Cal-B, immobilization, electrospinning, PVA, (rac)-1-phenylethanol,
EKR.

INTRODUCTION

Electrospinning is a voltage-driven versatile method for ultrathin fiber
production with diameters ranging from a few nanometers to several micrometers
[1]- Morton [2] and Cooley [3] patented the first devices to spray liquids in 1902
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and 1903, and other findings related to this topic were published in the next
decades, but despite this early discovery, the procedure was not exploited
commercially until the commercialization of electrospun nanofibers for filter
applications has been reported for the first time in 1991 [4]. This technique
involves the use of high voltage to generate the formation of a liquid jet from
a positively charged polymer solution from the emitter, which is solidified by
evaporating the solvent to ensure nanofiber formation on the negatively
charged collector. Natural and synthetic polymers or polymer alloys are suitable
for this process, leading to the production of porous, hollow, core-shell or helical-
structured nanofibers. Their quality is influenced by several parameters such
as solvent evaporation rate, nature of the polymer, drawing speed and distance
between the emitter and collector. The procedure is controllable, parameters
can be set and does not involve high costs [5].

Electrospun nanofibers (NFs) are good candidates in numerous
fields, the most important being drug delivery [6], filtration [7], tissue
engineering [8], biotechnology [9] and green chemistry [10]. Due to their large
surface-to-volume ratio and elevated porosity, they are suitable carriers for
enzyme immobilization [11-15]. For electronic devices, it is mandatory that
the nanofibers produced via electrospinning have controlled fiber structure
and ordered fiber orientation [16]. Among biopolymers polycaprolactone,
chitosan, polylactic acid and polyvinyl alcohol were reported to be proper for
obtaining nanofibers through this technique with applicability in biomedical
fields due to their biocompatibility and biodegradability [16-19].

The major advantage of lipases (EC 3.1.1.3) or triacylglycerol ester
hydrolases is represented by their extraordinary chemo-, regio- and
stereoselectivity. In nature this class of enzymes catalyzes the hydrolysis of
triglycerides into glycerol and fatty acids but is also broadly used in esterification
reactions. Free lipase is not beneficial in industry because it is difficult to recover
for reuse, has poor stability and does not exhibit activity in organic solvents [20],
[21]. These inconveniences can be avoided if lipase is immobilized on different
types of solid carriers. Over the past years, it has been reported the use of
numerous materials [22] which proved to be efficient as support for various
lipases immobilization including octyl sepharose [23], Immobead 150 [24] or
macroporous resin NKA [25]. The immobilized enzyme should be active and
insoluble in the reaction media allowing its reuse in several consecutive catalytic
cycles.

Lipase B from Candida antarctica yeast belongs to the a/f hydrolase fold
family, its catalytic triad consists of serine, histidine and aspartic acid / glutamic
acid [26]. The enzyme in its immobilized form exhibits activity in non-polar organic
solvents (e. g. toluene, hexane) in broad pH range and temperature. CalL-B is
widely utilized in biotransformation, such as enzymatic kinetic resolution (EKR),
transesterification, esterification, organic synthesis, and hydrolysis since presents
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enantio- and stereo-specificity, a good stability in organic solvents [27-32]. Lipase-
catalysed kinetic resolution carried out in organic solvents proved to be effective
in obtaining enantiomerically enriched secondary 1-arylethan-1-ols [33], which
are important chiral building blocks for the synthesis of a vast number of
biologically active compounds. Related to the CaL-B covalent and non-covalent
immobilization on solid carriers, a significant number of publications reported
the use of different carbon-based nanomaterials such as graphene oxide [34],
derivatized single-walled carbon nanotubes [35], core-shell polymeric supports
based on polystyrene, methyl polymethacrylate [36], stearic acid-modified
nanoparticles [37], different resins [38], [39] or biopolymeric nanofibers such
as chitosan [40] [41].

One of the most used commercially available immobilized CalL-B,
suitable biocatalyst for biotransformations such as transesterification, is
Novozym 435, reported for the first time in 1992. In this case Lewatit VP OC
1600 resin represents the carrier while interfacial activation stands for
immobilization method. The active center of the lipases is surrounded by a
large hydrophobic pocket, covered by a lid (polypeptide chain), which in its
“closed” form inactivates the lipase due to its internal hydrophobic face and
interacts with the reaction medium via its external hydrophilic face. This
immobilization technique may facilitate lipase desorption under specific
conditions such as high temperature, in the presence of detergents or
organic co-solvents since it is based on hydrophobic interactions. The main
disadvantages are linked to the nature of the support’s: mechanical fragility
under rigorous stirring, moderate hydrophilicity because it can retain hydrophilic
by-products such as water and dissolution in certain organic solvents leading
to product contamination generated by its degradation [42-44]. In comparison
PVA being a water-soluble biopolymer, the electrospun nanofibers produced
from its aqueous solution are excellent candidates for non-polar organic
reaction media such as hexane and lipase desorption is unlikely to occur due
to the entrapment technique used for immobilization by electrospinning.
Spelmezan et al. reported the immobilization of CalL-B via entrapment into
polyvinyl alcohol-polylactic acid copolymer [45] and polyvinyl alcohol-
chitosan bipolymer electrospun nanofibers [46] while Soéti at al. [47] used for
the same purpose PVA and PLA nanofibers obtained upon electrospinning.

Herein we propose the fabrication of nanofiber-based reusable
biocatalysts by immobilization of CalL-B via entrapment into PVA electrospun
nanofibers using different polymer concentration solutions, with the aim to
determine the effect of polymer concentration on the enzyme’s activity while
using the same amount of CalL-B in each case. The prepared biocatalysts
were tested for EKR of (rac)-1-phenylethanol and its halogenated derivatives
with vinyl acetate as acylating agent in hexane in batch mode and reusability
experiments were also conducted.
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RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) served as tool for the
structural characterization of the prepared PVA nanofibers and the PVA-based
biocatalysts. According to the measurements, PVA nanofibers diameter was
found to range between 132 and 176 nm (Figure 1.A., 1.B.) and structural
changes can be observed upon immobilization of lipase by entrapment into
NFs (Figure 1.C.).

Figure 1. TEM images of PVA nanofibers
(A. 10 % PVA solution B. 12 % PVA solution; C. 10 % PVA-CaL-B biocatalyst

Next the activity and selectivity of the immobilized lipase were evaluated
in the kinetic resolution of (rac)-1-phenylethanol with vinyl acetate as acyl
donor [48]. The selective formation of (R)-1-phenyl-ethylacetate was monitored
by high performance liquid chromatography (HPLC), using a chiral LUX
Cellulose-3 column (250 mm x 4.6 mm x 5 ym). The other parameters were
the following: 40 bar column pressure, flow rate 1 mL/min at 25°C mobile
phase hexane:isopropanol 98:2 vA/%, detection wavelength was set at 254.16
nm.

First the pure racemic substrate and the pure racemic product
separation were performed by HPLC analysis by injecting the racemic
mixtures to identify each enantiomer based on their retention time, important
parameters for reaction mixture analysis. The retention times in the case of
the 1-phenylethyl acetate mixture were found to be 8.6 and 9.5 minutes,
respectively. According to literature data [44] retention time of (R)-1-phenyl-
acetate is 9.5 minutes; therefore, the elution order is S, R.

To evaluate the effect of the polymer concentration on the lipase
activity and to determine the optimal biocatalyst amount, 9 batch reactions
were performed simultaneously. In each case the substrate, acylating agent
and solvent volumes were identical, the biocatalyst type (8%—PVA-CalL-B,
10%—-PVA-CalL-B, 12%—-PVA-CalL-B) and quantity of the enzyme preparate
(8 mg, 10 mg, 12 mg) varied, while the setted temperature of the shaker
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(1350 rpm) equipped with a heating module was 30 °C. Samples were taken
from the reaction mixture at fixed time intervals (after 2, 4, 6, and 12 hours)
and analyzed by HPLC. A control experiment was conducted without any
biocatalyst. A set of obtained chromatograms are illustrated in Figure 3 and
the results are presented in Table 1.

B E A.
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Figure 3. HPLC analysis of reaction samples after 12 hours
A. control reaction; B. 12 mg of 8%—PVA-CaL-B biocatalyst (enzyme loading 14
pg/mg); C. 12 mg of 10%—PVA-CaL-B biocatalyst (enzyme loading 13.07 pug/mg)

However, in the case of 12%—-PVA-CaL-B biocatalyst the maximum
conversion was achieved after 12 hours, but not in case of 8%—-PVA-CalL-B
(Table 1, entry 28-30). This was analyzed also after 24 hours, when
conversion reached 50%.

Based on the recorded chromatograms, after 4 hours the maximum
conversion was achieved when 12 mg of 10%—-PVA-CalL-B was used
(Figure 4).
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Table 1. PVA—Cal-B biocatalytic activity evaluation (75 catalytic cycle)

Reaction Cpva m pva—caL-8  Enzyme loading ees Conversion *
time (h)  (w/w %) (mg) (Mg/mg) (%) (%)
4 4.7 19 16
8 8 9.3 31 24
12 14.0 41 30
4 4.4 40 29
2 10 8 7.5 52 34
12 131 69 41
4 34 31 24
12 8 6.2 45 31
12 10.1 61 38
4 4.7 30 23
8 8 9.3 40 29
12 14.0 58 37
4 44 57 36
4 10 8 7.5 71 42
12 13.1 >99 50
4 3.4 45 31
12 8 6.2 62 39
12 10.1 81 45
4 4.7 45 31
8 8 9.3 57 36
12 14.0 69 41
4 44 71 42
6 10 8 7.5 88 47
12 13.1 >99 50
4 34 62 39
12 8 6.2 81 45
12 10.1 > 99 50
4 4.7 62 39
8 8 9.3 71 42
12 14.0 88 47
4 4.4 >99 50
12 10 8 7.5 >99 50
12 131 >99 50
4 34 >99 50
12 8 6.2 > 99 50
12 10.1 > 99 50

* eep > 99% in all cases
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L 8%-PVA-CalL-B
Reaction time: 4 hours 10%-PVA_CalL-B
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Figure 4. Conversion variation after 4 hours (75 catalytic cycle)

For reusability studies, in each case after the first catalytic cycle the
biocatalyst was removed from the reaction media, was washed 2 times with
isopropanol, 2 times with hexane and was stored in the refrigerator in a
sealed glass container until further use regarding reusability.

The second catalytic cycle was performed as previously described.
Samples were taken from the reaction mixture at fixed time intervals,
analyzed by HPLC and conversion rates were calculated based on the
chromatograms. The values indicate no decrease in activity, the 50%
conversion rate was achieved after 4 hours using 12 mg of 10%—PVA-CaL-
B biocatalyst in this case also. However, in all cases, maximum conversion
was observed after 24 hours.

Based on this finding, we decided to test the reusability of the most
promising biocatalyst (10%—PVA-CalL-B), starting from the third catalytic
cycle, using 12 mg of prepared biocatalyst. The experiments were stopped
when conversion dropped below 40% after 4 hours. The results are plotted
in Figure 5.
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Figure 5. The reusability of 10%—PVA—-CaL-B biocatalyst (12 mg) in the EKR of
(rac)-1-phenylethanol with vinyl acetate after 4 hours

Further, the 10%—PVA-CalL-B biocatalyst was tested on halogenated
(rac)-1-phenylethanol derivatives as substrates, namely (rac)-4-bromo-1-
phenylethanol and (rac)-4-chloro-1-phenylethanol, under the previously
described reaction conditions: substrate/acylating agent ratio 1:2, solvent
hexane, incubation temperature 30°C, shaking at 1350 rpm with 12 mg
biocatalyst (enzyme loading 13.1 pg/mg).

The samples taken from the reaction mixture at fixed time intervals
were analyzed by gas chromatography on a Supelco Analytical Astec
CHIRALDEX® B-DM Silica capillary column (30m x 0.32mm x 0.12um)
under the following conditions: N2 as carrier gas, 1 pL injection volume, 100:1
split ratio, FID detector and injector temperature 250°C, head pressure 60
psi, operating at 120°C in case of (rac)-4-Br-1-phenyl-ethanol and with
temperature gradient from 120°C to 160°C with 2.6°/min increment in case
of (rac)-4-Cl-1-phenylethanol.

Considering the data from Table 2, the samples taken from the
reaction mixture at fixed time intervals were subjected to GC analysis. Based
on the recorded chromatograms, the calculated conversions are summarized
in Table 3.
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Table 2. Chromatographic chiral separation of racemic halogenated
1-phenylethanol derivatives (left) and their acetates (right) [49]

Compound Retention Compound Retention
time (min) time (min)

Enantiomer S R Enantiomer S R
gﬁg{;jjﬁ;{ol 283 313 (rac)-4-Br-1- phenylethyl acetate 24.9 26.6

gﬁgme%:;nol 1.6 13 (ac)4-Cl-1- phenylethyl acetate 04 28

Table 3. EKR of racemic halogenated 1-phenyethanol derivatives with vinyl
acetate over 12 mg of 10%—PVA-CaL-B biocatalyst in batch mode

Substrate
Reaction time (h) (%)-4-Br-phenylethanol (x)-4-Cl-phenylethanol
ees (%) c* (%) ees (%) c* (%)
2 31 24 41 30
4 45 31 >99 50
6 >99 50

* eep > 99% in all cases

The reaction rate was higher in the case of the chlorinated substrate
than in the case of the brominated 1-phenylethanol derivative.

CONCLUSIONS

Candida antarctica B lipase was successfully immobilized into
polyvinyl alcohol nanofibers via electrospinning technique using polymer
solutions of different concentrations. The prepared biocatalysts were structurally
characterized by transmission electron microscopy which confirmed the fiber
formation and structural changes were observable in the case of prepared
biocatalysts.

The activity and selectivity upon immobilization were investigated in
batch mode in the acylation of racemic 1-phenyletanol with vinyl acetate. In
the first catalytic cycle, maximum conversion was obtained after 4 hours in
the case of using 12 mg of 10%—PVA-CaL-B noted biocatalyst with enzyme
loading equal to 13.07 ug/mg instead of expected 12 mg of 10%—-PVA-CalL-B
biocatalyst with a higher enzyme loading (14.0 pg/mg). This could be explained
with the fact that higher enzyme loading can cause steric hindrance between
the protein molecules resulting in a less active biocatalyst.
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In the second catalytic cycle the obtained results were in concordance
with the previous findings, therefore only 10%—-PVA—-Cal-B biocatalyst was
subjected further to reusability studies. A slight decrease in activity was
observed starting with the third cycle. However, after the 7" consecutive
catalytic cycle the biocatalyst maintained 78% of its initial activity.

The 10%—-PVA-CaL-B biocatalyst proved to be suitable also for EKR
of racemic halogenated 1-phenylethanol derivatives as well, returning the
highest conversion after 4 hours when (rac)-4-chloro-1-phenylethanol was
used as substrate.

EXPERIMENTAL SECTION

Materials and methods

Polyvinyl alcohol (molecular weight 130.000), vinyl acetate, (rac)-1-
phenylethanol and sodium phosphate monobasic hydrate were products of
Sigma-Aldrich. (Rac)-4-Bromo-1-phenylethanol, (rac)-4-chloro-phenyl-ethanol,
(rac)-4-bromo-phenylethyl acetate and (rac)-4-chloro-phenylethyl acetate
were synthesized by our colleagues [35] and used as received. Lipase B from
Candida antarctica was purchased from Chiral Vision; HPLC grade solvents
were procured from PromoChem.

For enzyme immobilization into polymeric nanofibers, the Fluidnatek
Bioinicia electrospinning system was used. Transmission electron microscopy
analyses were conducted on Hitachi H-7650 apparatus, at 80 keV. 460/H
Ultrasonic bath operating at 100 W, 40 kHz served for ultrasonication. The
shaking and incubation of the enzymatic reactions were performed on a
shaker equipped with a heating module (Titramax 1000).

High-performance liquid chromatography analyses were performed
with an Agilent 1200 instrument, while gas chromatography determinations
were conducted on an Agilent 7890A GC equipped with a flame ionization
detector.

The enantiomeric excess values of the substrate (ees) and of the
product (eep) were calculated from the peak areas of HPLC chromato-grams
and the conversion (c) was determined from the following well-known
equation [50]:

eeg

c (%) =

*100

eegteep
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1. Immobilization of CalL-B into PVA nanofibers by electrospinning

The first step consisted of the preparation of stock solutions: CalL-B
enzyme solution of 2,8 mg/mL concentration in 100 mM phosphate buffer,
pH 7.5 and aqueous polyvinyl alcohol solutions of 8%, 10% and 12%
concentration, respectively.

The polymer solution concentration values were chosen based on
prior attempts to produce PVA nanofibers since the success of nanofiber
production is also viscosity-dependent.

In the second step, the polymer-enzyme mixtures were prepared by
adding 200 pL of CaL-B solution to 6 mL polymer solution (c1= 8%, c2= 10%,
c3= 12 %) followed by 30 minutes of ultrasonication and 1 h shaking at room
temperature for optimal homogenization.

To obtain electrospun nanofibers, the dispensing syringe of the
electrospinning equipment was filled with 5 mL of polymer-enzyme mixture
and the vertical collector was wrapped with aluminium thin foil to facilitate the
collecting of the produced nanofibers afterwards. The sample feeding rate
varied between 560-750 uL/h and the applied voltage between 18-19.5 kV
depending on the viscosity of the polymer-enzyme mixture. The distance
between the emitter and the collector was set to 13 cm in all cases. The as-
produced solid biocatalyst (abbreviated further as 8%—-PVA—-CalL-B, 10%—
PVA-CalL-B and 12%-PVA-CalL-B) was removed from the aluminium foil
using a sharp tweezer, placed in a sealed glass container and stored in the
refrigerator until use.

2. Activity and selectivity investigation of the prepared nanofiber-
based biocatalysts

The chosen model reaction used for biocatalyst testing is illustrated
in Scheme 1.

“on

Cal.-B
).L hexane
- HO/'\\\_

(rac)-1-phenylethanol  vinyl acetate (S)-1-phenylethanol (R)-1-phenylethyl
acetate

Scheme 1. Enzymatic kinetic resolution of racemic 1-phenylethanol with vinyl
acetate mediated by immobilized lipase B from Candida antarctica
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Batch reactions were performed in 1.5 mL screw-capped glass vials.
To 1 mL hexane, 12 uL (rac)-1-phenylethanol (1.5 mmol), 36.8 pL vinyl
acetate (3 mmol) and nanofiber-based biocatalyst (4 mg, 8 mg, 12 mg) were
added. The vials were placed on a thermostated shaker (1350 rpm) at 30°C.
At fixed time intervals (2 h, 4 h, 6 h, 24 h) 50 uL of the reaction mixture was
removed, diluted with 450 uL hexane, centrifuged, filtered and injected into
HPLC chiral chromatographic column.

3. Activity investigation of the prepared 10%—PVA-CaL-B biocatalyst
on p-halogeno-1-phenylethanol derivatives

1.5 mmol racemic p-halogeno-phenylethanol derivative, 3 mmol vinyl
acetate and 12 mg 10%—PVA-CalL-B were added to 1 mL hexane in a screw-
capped glass vial. The vials were placed on a thermostated shaker (1350
rpm) at 30°C. At fixed time intervals (2 h, 4 h, 6 h, 12 h) 50 uL of the reaction
mixture was withdrawn from the reaction media, diluted with 450 uL hexane,
centrifuged, filtered and analyzed by gas chromatography.
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ABSTRACT. This study aimed to evaluate the kinetic interactions between
clozapine (CLZ) and the fluoroquinolone antibiotics ciprofloxacin and norfloxacin
using a systematic three-step compartmental modelling approach. Clozapine,
primarily metabolized by CYP1A2 and CYP3A4, is known to exhibit altered
kinetics when co-administered with fluoroquinolones due to their inhibitory
effect on CYP1A2. The proposed models evaluated the absorption, distribution,
metabolism, and elimination (ADME) of clozapine and its active metabolite,
N-desmethyl clozapine (CLZ-M), under both reference conditions and in the
presence of these antibiotics. The selected kinetic models demonstrated a
strong correlation between experimental data and predictions (R? > 0.96),
providing robust insights into the mechanisms underlying these interactions.
Ciprofloxacin and norfloxacin significantly affected CLZ's presystemic and
systemic metabolism, with ciprofloxacin altering relative bioavailability more
prominently. These findings emphasize the necessity of dose adjustments
for clozapine in clinical practice to mitigate potential adverse effects due to
modified drug exposure when co-administered with fluoroquinolones. This
study offers a mechanistic framework for understanding complex drug-drug
interactions and optimizing dosing strategies in combined therapeutic
regimens.
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INTRODUCTION

Clozapine (8-chloro-11-(4-methylpiperazin-1-yl)-5H-dibenzo[b,e]
[1,4]diazepine) is a chemically distinct second-generation antipsychotic. Its
unique molecular structure contributes to its wide receptor-binding profile, which
includes dopaminergic, serotonergic, and adrenergic receptors, making it
particularly effective for managing patients with treatment-resistant schizophrenia.
Despite its advantages, clozapine therapy presents significant challenges,
including a narrow therapeutic index and a high inter-individual variability in
plasma concentration due to its complex kinetics and metabolism [1].

The kinetic behavior of clozapine is mainly directed by its extensive
hepatic metabolism mediated by cytochrome P450 enzymes, particularly
CYP1A2 and CYP3A4. Other isoforms, such as CYP2C19, and CYP2D6,
contribute to a lesser extent to its biotransformation, as supported by kinetic
data of expressed enzymes [1-3]. The metabolization processes of clozapine
include N-demethylation, hydroxylation, N-oxidation, and conjugation before
it is excreted. Clozapine presents two major metabolites, N-desmethylclozapine
(or norclozapine), chemically known as 8-chloro-11-(1-methylpiperazin-4-yl)-
5H-dibenzo[b,e][1,4]diazepine whose formation is attributed to both CYP1A2
and CYP3A4, and clozapine N-oxide, chemically known as 8-chloro-11-(4-
methylpiperazin-1-yl)-5H-dibenzo[b,e][1,4]diazepine N-oxide, whose formation is
mainly attributed to CYP3A4 [4-6].

Clozapine presents a rather poor bioavailability after oral administration
due to extensive first-pass metabolism, resulting in a low and highly variable
systemic bioavailability with an average around 30% [4]. The variability in
clozapine metabolism is influenced by factors such as smoking, gender, co-
medications, genetic polymorphisms, and drug-drug interactions, particularly
those affecting CYP1A2 activity [5].

Ciprofloxacin (1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-
3-quinolinecarboxylic acid) and norfloxacin (1-ethyl-6-fluoro-1,4-dihydro-4-
oxo-7-(1-piperazinyl)-3-quinolinecarboxylic acid) [7,8] are fluoroquinolone
antibiotics known to inhibit CYP1A2, the primary enzyme responsible for
clozapine metabolism [6]. These interactions can significantly alter the kinetic
profile of clozapine, leading to elevated plasma levels, prolonged therapeutic
effects, and an increased risk of adverse reactions. From a chemical perspective,
these interactions underscore the importance of understanding the molecular
mechanisms by which enzyme inhibitors affect the metabolism of clozapine
and its metabolites.

Unlike the non-compartmental approach, the compartmental modelling
approach provides a valuable tool for describing and quantifying the movement
of clozapine and its metabolites within the body [9]. This approach enables the
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characterization of CLZ’s disposition in the body following oral administration,
providing a detailed mechanistic understanding of its absorption, distribution,
metabolism, and elimination (ADME) processes [10]. By incorporating kinetic
parameters and their modulation by enzyme inhibitors, such as ciprofloxacin
and norfloxacin, it is possible to simulate and predict the impact of drug-drug
interactions on systemic drug behavior of clozapine.

This study aims to provide a detailed chemical and kinetic analysis of
clozapine and its primary metabolite, N-desmethylclozapine, in the presence
of ciprofloxacin and norfloxacin. Using experimental data from adult male Wistar
rats, a comprehensive kinetic model was developed and used to characterize
the interactions at the enzymatic and systemic levels. The results of this study are
expected to enhance the understanding of the chemical and molecular insights
of these drug-drug interactions and their implications for current practice.

RESULTS AND DISCUSSION

Figure 1 presents the mean plasma concentration-time profiles of CLZ
and its primary metabolite, CLZ-M. These graphics highlight the extent of drug
exposure following the co-administration of CLZ with fluoroquinolone antibiotics,
providing valuable insights into the kinetic interactions and their potential
implications for CLZ’s metabolism and disposition.

1000 3000

800 +— clozapine M

+4— clozapine M +ciprofloxacin
2000 clozapine M +norfloxacin
600 —@— clozapine
A— clozapine+ciprofloxacin
—m— clozapine+norfloxacin
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Figure 1. The mean plasma concentration-time profile of clozapine, administered as
a single oral dose (20 mg/kg body weight), is depicted under three treatment conditions:
as monotherapy (o), after a 6-day pretreatment with ciprofloxacin (15 mg) (A), and
after a 6-day pretreatment with norfloxacin (30 mg) (o). Data are presented as mean
values + standard deviation (left). The corresponding mean plasma concentration-time
profile for N-desmethyl clozapine under the same conditions is shown on the right
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In the first stage, the focus was on optimizing a model specifically for
the parent compound, CLZ, without including the metabolite or potential
kinetic interactions. This initial model was aimed and consequently designed
to isolate and characterize the kinetic properties of clozapine, establishing a
foundational framework for incorporating more complex variables in following
stages. A summary of the model parameters evaluated for clozapine kinetics
is presented in Table 1.

Table 1. Kinetic models of clozapine used in compartmental analysis

Kinetic Lag Time Absorption Number of
model kinetics compartments
M1 No 1st order 1
M2 Yes 1st order 1
M3 No 1st order 2
M4 Yes 1st order 2

200 -
171.9 169.5

157.9 152.3
150 4
100
501
M1 M2 M2 M4

Model number

AIC

o

Figure 2. AIC values of M1-4 kinetic models describing
the ADME processes of clozapine following oral administration

After evaluating multiple models and their respective Akaike Information
Criterion (AIC) values, Model 4 (M4) was identified as the most suitable for
further analysis. M4 was therefore selected as the baseline for subsequent
modelling steps. This model employs first-order absorption kinetics with a lag
time and assumes a bi-compartmental distribution for the parent compound,
CLZ. The AIC values supporting this selection are illustrated in Figure 2.
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Building on M4, four additional models were developed, with their specific
differences summarized in Table 2. After re-evaluating AIC values (Figure 3),
Model 43 (M43) was determined to be the best representative model.

Table 2. Kinetic models of clozapine (CLZ) and N-desmethyl clozapine (CLZ-M)
assessed during the compartmental modelling approach

Kinetic Number of Presystemic  Systemic Other elimination
model compartments metabolism metabolism routes from central
for CLZ-M compartment for CLZ
M41 1 No Yes Yes
M42 1 Yes Yes Yes
M43 2 No Yes Yes
M44 2 Yes Yes Yes

500 -

487
446.6 4446 444.9
400 4
300 4
200 1
100 4
0
Ma4

M41 M42 M43

Model number

AlC

Figure 3. Akaike Index Criteria (AIC) results for the four models describing the
kinetics of N-desmethyl clozapine after oral administration of clozapine

M43 is characterized by first-order absorption kinetics with a lag time,
bi-compartmental distribution for CLZ, no presystemic metabolism, and a bi-
compartmental distribution for its primary metabolite, N-desmethyl clozapine
(CLZ-M). This preference for M43 over M42 aligns with the fact that most
medications exhibit bi-compartmental rather than mono-compartmental
distribution patterns.

In the third stage, two parallel models were developed to explore the
interaction between CLZ and the selected fluoroquinolones, ciprofloxacin
and norfloxacin. The specific differences between these models are detailed
in Table 3.
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Table 3. Kinetic models of clozapine (CLZ) and N-desmethyl
clozapine (CLZ-M) used in compartmental analysis of the interactions
with both fluoroquinolone antibiotics

N Number of . Other .
Kinetic Presystemic S Relative
model compartments metabolism elimination bioavailability

for CLZ and CLZ-M routes for CLZ
M431 2 No No Same
M432 2 No No Different
Ciprofloxacin Norfloxacin
1000 —
| 898.2 899.4 1000 894.8 890.6
800 800 —
600 — 600 —
4 | ]
<< = E
400 400
200 200
0 0
M431 M432 M431 M432
Model number Model number

Figure 4. Akaike Index Criteria (AIC) results for the compartmental kinetic
modelling of drug-drug interactions between clozapine and ciprofloxacin
and norfloxacin

Based on the AIC scores (Figure 4), Model 431 (M431) was the best
fit for the interaction between CLZ and ciprofloxacin, while Model 432 (M432)
proved optimal for CLZ-norfloxacin interaction. Both models assumed first-
order absorption kinetics with a lag time for CLZ, bi-compartmental distribution
for CLZ and CLZ-M, and the elimination of CLZ exclusively via metabolism to
CLZ-M. The distinct feature of M432 is the assumption of a relative bioavailability
different than 100%.

Figure 5 illustrates the kinetic processes described by the M43 model,
depicting the distribution of CLZ and CLZ-M between compartments, along with
their associated kinetic processes and rate constants. This comprehensive
framework provides valuable insights into the kinetic behaviours of CLZ and its
interactions with the selected fluoroquinolones. Additionally, it offers important
details about the processes of absorption, distribution, metabolism, and
elimination for both CLZ and CLZ-M.
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Figure 5. Schematic representation of the kinetic processes in model M43. On the
left: "3" denotes the extravascular absorption site; "1" and "2" represent the central
compartments for clozapine and N-desmethyl clozapine, respectively, while "4" and
"5" are their peripheral distribution compartments. On the right: "8" represents the
extravascular absorption site; "6" and "7" correspond to the central compartments
for clozapine and N-desmethyl clozapine during the reference period, with "9" and
"10" being their respective peripheral compartments during the test periods. The
absorption latency time is represented as tg, and the absorption rate constant of
clozapine is ks1. Distribution rate constants are k14 and ka1 for the reference period,
and kzs and ks2 for the test periods. The systemic metabolization rate constant from
clozapine to its metabolite is ki2. The elimination rate constants for clozapine (non-
metabolic) and N-desmethyl clozapine are k2o and kro, respectively, across both
reference and test periods.

In this kinetic modelling study, compartmental models were employed
to describe the disposition of CLZ and its primary metabolite, N-desmethyl
clozapine (CLZ-M), between central and peripheral compartments over time
[11,12]. These models are described by partial differential equations that
quantify the rate of change in parent drug and metabolite concentration or
amount within each compartment, reflecting the kinetic processes of
absorption, distribution, metabolism, and elimination (ADME). The equations
are based on the principle of mass balance, which mentions that the rate of
change within a compartment is determined by the net balance of drug entering
and leaving that compartment [13,14].

Rate constants incorporated into these equations provide the
mathematical foundation for depicting the time-dependent kinetics of CLZ
and CLZ-M across compartments. Specifically, the equations for the M43
kinetic model, used to describe the kinetics of CLZ and CLZ-M during both
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the reference period (absence of inhibitors) and test periods (presence of
CYP1A2 inhibitors ciprofloxacin or norfloxacin), were formulated using the
general mass balance equation:

dai .
% = (Rate of drug entering the compartment) —

(Rate of drug leaving the compartment)

where Aj denotes the amount of drug in compartment /i, and t represents time.

The complete set of equations underlying the M43 model is presented
in Figure 6, offering a detailed depiction of the kinetic processes governing
CLZ and CLZ-M under the respective experimental conditions. The results of
the kinetic analysis are summarized in Table 4.

% = Kgy * QCansa * (1 = i) — K1z * QCop — Ky * QCzq + kag * Qg
a%-:if: =kyy * QCpy #0997 — kyg * QNy — kys * QCcy + ksy * QCps + kay * fi * QCqpes * 0.997
% = —K3; * QCapsa
aQaCt:N = k14 % QCcr —kyy * QCpy
606‘:’“ = k5% QN —ksp * QN5
M434 300,
5e = ka1 * QCanss * (1 = f3) — k7 * QCcs = Kya * QCos + Ky * QCpo
a%ﬂ:}: = kg7 * QCpq * 0.997 — kg * QNo7 — kps5 * QNey + ks * QNpyo + kay * fo * QCapsg * 0.997
603:;)59 = —K31* QCppsg
09 kg QCes — ks = 0y
"agé\%g = ka5 * QNgz —ksz * QNp3o

Figure 6. Mathematical equations for the kinetic model M43 in which QCc1s and
QCp49 represent the amounts of clozapine in the central and peripheral
compartments, respectively, while QNc2z and QNps10 denote the amounts of the
metabolite (N-desmethyl clozapine) in its central and peripheral compartments. A
molar ratio of 0.997 between clozapine and N-desmethyl clozapine was calculated
and used as a conversion factor for translating molar units to mass units in the
metabolic processes. Additional parameters for the model are provided in the legend
of Figure 5.
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Table 4. The kinetic parameters of clozapine and N-desmethyl clozapine
determined with models M431 and M432

Parameter Unit M431 -T1 Standard error M432 -T2 Standard error

frel - - - 1.2945 0.2559
k12 hr' 3.7684 1.3288 3.7684 1.0440
k14 hr' 3.2326 2.2127 4.1156 1.8304
ka0 hr' 1.1346 0.3606 1.2576 0.2186
kas hr' 3.4353 0.8887 3.7578 0.8570
K31 hr' 0.1292 0.0550 0.1292 0.0373
ka1 hr' 0.2437 0.2471 0.3155 0.2361
Ks2 hr' 0.3993 0.0720 0.4212 0.0667
ke7 hr' 8.2529 3.1144 6.6553 2.3678
k7o hr' 0.8666 0.3758 0.7659 0.4752
kss hr' 0.1053 0.0317 0.0931 0.0311
tiag hr 0.0690 0.0170 0.0715 0.0144
V_F L 1.0434 0.4097 1.1709 0.3100

To model the drug-drug kinetic interaction of CLZ with ciprofloxacin, the best-
fitting model selected based on AIC values (M431) assumed no change in CLZ's
bioavailability following co-administration with the inhibitor. In this scenario, the
extent and rate of absorption, as reflected by the parameters k31 and kss, were
affected by the interaction (0.1292 hr™ vs. 0.1053 hr™" for the interaction of CLZ with
ciprofloxacin; 0.1292 hr' vs. 0.0931 hr' for the interaction of CLZ with norfloxacin),
as the effect of ciprofloxacin occurred primarily at the metabolic level, impacting both
presystemic and systemic metabolism without interfering with the absorption dynamics.

On the other hand, model M432, used to assess the interaction with
norfloxacin, assumed a relative bioavailability (fr1) different from 100%, compared
to the reference period (monotherapy). Specifically, during the test period with
norfloxacin co-administration, fre« was 30% higher than in the reference period
(fre=1.2945). This increase was attributed predominantly to hepatic inhibition of
CYP1A2, the primary enzyme involved in CLZ metabolism, and potentially to
intestinal inhibition of CYP3A4 during the absorption phase, which plays a lesser but
still relevant role. This altered presystemic metabolism during the absorption phase
modified CLZ's oral bioavailability. Additionally, the extent and rate of absorption (ks+
and kss) were slightly impacted (0.1292 hr™* vs. 0.0931 hr™') due to metabolic-level
interactions during presystemic and systemic metabolism.

Throughout the reference and test periods, extensive metabolism of CLZ to
CLZ-M was observed, even under enzymatic inhibition of CYP1A2. This is evidenced
by supra-unitary values for systemic metabolization constants (k12=3.7684 hr™
during the reference period, ke7=8.2529 hr" for co-administration with ciprofloxacin,
and ke7=6.6553 hr™* for co-administration with norfloxacin). Notably, the magnitude
of interaction was greater with ciprofloxacin than norfloxacin, as indicated by the
higher ke7 value for ciprofloxacin.
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Further analysis of the metabolization rate constants for CLZ-M between
study periods (k2o for the reference period and k7o for the test periods) revealed
decreased elimination of CLZ-M during the test periods (k20=1.1346 hr™" vs.
k70=0.8666 hr™" for ciprofloxacin and k20=1.2576 hr™" vs. k70 = 0.7659 hr™" for
norfloxacin co-administration). This reduction is likely due to the involvement of a
metabolic pathway in CLZ-M elimination, which becomes saturated at higher metabolite
concentrations during the test periods. This assumption is further supported by
alterations in metabolism rate constants.

The graphical outputs from fitting model M431 for the interaction between
CLZ and ciprofloxacin, and model M432 for the interaction with norfloxacin, are
presented in Figures 7 and 8, respectively. These figures highlight the dynamics of
absorption, distribution, and metabolism, providing a visual representation of the kinetic
interactions under each test condition.
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Figure 7. The kinetic fitting of model M431 during the first test period is shown on
the left, along with the correlation between experimental and fitted values on the
right. In the model, "1" represents clozapine in the central compartment during the
reference period, "2" denotes N-desmethyl clozapine in the central compartment
during the reference period, "3" represents clozapine in the central compartment
during the first test period (with ciprofloxacin), and "4" corresponds to N-desmethyl
clozapine in the central compartment during the first test period.

The experimental data align closely with the model predictions, as
evidenced by the high correlation coefficients (R?). For the CLZ-alone and
CLZ-ciprofloxacin dataset, the R? value is 0.9667 (Figure 7), while for the
CLZ-alone and CLZ-norfloxacin dataset, the R? value is 0.9725 (Figure 8).
These values reflect a high level of correlation between the experimental
observations and the model's predictions, underscoring the robustness and
reliability of the kinetic model.
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Figure 8. The kinetic fitting of model M432 during the second test period is displayed
on the left, alongside the correlation between experimental and fitted values on the
right. In this model, "1" represents clozapine in the central compartment during the
reference period, "2" denotes N-desmethyl clozapine in the central compartment
during the reference period, "3" represents clozapine in the central compartment
during the second test period (with norfloxacin), and "4" corresponds to N-desmethyl
clozapine in the central compartment during the second test period.

CONCLUSIONS

This study presents a comprehensive kinetic modelling framework for
clozapine (CLZ) and its primary metabolite, N-desmethyl clozapine (CLZ-M),
focusing on the interactions between CLZ and the fluoroquinolone antibiotics
ciprofloxacin and norfloxacin. By employing a systematic three-tier modelling
approach, the kinetic behaviour of CLZ and CLZ-M was elucidated across
reference and test conditions, incorporating key processes such as absorption,
distribution, metabolism, and excretion (ADME).

In the first step, compartmental modelling focused exclusively on the
parent compound, clozapine, as its kinetics influence the kinetics of its
metabolite, but not vice versa. This stage established the foundational
kinetics of CLZ using a bi-compartmental model with first-order absorption
and lag time.

In the second step, the metabolite was incorporated into the model,
enabling simultaneous fitting of two datasets (clozapine and its metabolite)
while accounting for additional parameters such as metabolite distribution
and the effects of presystemic and systemic metabolism.
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The third step involved simultaneous fitting of four datasets, considering
the kinetic interactions between clozapine and ciprofloxacin or norfloxacin. This
step addressed changes in presystemic and systemic metabolism mediated by
CYP1A2 enzymatic inhibition, as well as variations in the relative bioavailability
of clozapine between the reference and test periods due to changes in the
extent of absorption. This final step also integrated the metabolite’s kinetics,
also altered by the assessed drug-drug interactions.

The selected models demonstrated excellent predictive accuracy, with
high correlation coefficients (R? > 0.96) between experimental data and model
predictions, underscoring the robustness of the proposed approach.

Key findings highlight the significant impact of ciprofloxacin and
norfloxacin on CLZ kinetics, including altered presystemic and systemic
metabolism and changes in bioavailability. These results provide critical insights
into the molecular and kinetic interplay between CLZ and fluoroquinolones,
offering valuable guidance for optimizing dosing strategies in clinical settings
where these drugs are co-administered.

This rational and mechanistic modelling framework not only advances
the understanding of CLZ-fluoroquinolone interactions but also sets a precedent
for investigating complex kinetic scenarios involving metabolic inhibitors. The
findings have significant implications for both clinical practice and future
research into drug-drug interactions.

EXPERIMENTAL SECTION

Chemical and reagents

Clozapine (Leponex®) for animal administration was purchased from
Mylan (Hatfield, Hertfordshire, UK), while analytical standards for clozapine
and N-desmethyl clozapine used in LC-MS analysis were purchased from
Sigma-Aldrich/Merck Group (Darmstadt, Germany). Ciprofloxacin (Ciprinol®)
and norfloxacin (Nolicin®) were acquired from KRKA (Novo Mesto, Slovenia).
For animal anesthesia, ketamine (Vetased®) was purchased from Farmavet
(Romania), xylazine (XylazinBio®) from Bioveta (Czech Republic), and
diazepam from Terapia (Cluj-Napoca, Romania). Heparin sodium (5000 1U/mL)
was obtained from Belmedpreparaty (Minsk, Belarus). Analytical-grade formic
acid and methanol were purchased from Merck (Darmstadt, Germany), and
carboxymethyl cellulose was acquired from Sigma-Aldrich (Taufkirchen,
Germany).
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Study design

This study was approved by the local Ethics Committee of the “luliu
Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania, and
the National Sanitary Veterinary and Food Safety Authority, in compliance
with Romanian Law 43/2014, which governs the protection of animals used
for scientific purposes. The legislation aligns with Directive 2010/63/EU of the
European Parliament and Council, dated 22 September 2010, as published
in the Official Journal of the European Union. Ethics approval was granted
under reference number 313, dated 20 May 2022. The study was conducted
at the Centre for Experimental Medicine and Practical Skills, Cluj-Napoca,
Romania, using an open-label, three-period sequential design.

The experimental design involved three periods and involved the use
of 16 white male Wistar rats, for each study period, weighing between 240
and 415 g. In the initial reference period, the rats received a single oral dose
of clozapine (20 mg/kg body weight, b.w.). In the first test period, the animals
were pretreated with 15 mg of ciprofloxacin administered orally for five days
in order to reach the steady-state plasma concentration for this enzymatic
inhibitor, followed by a combination of ciprofloxacin and clozapine (20 mg/kg b.w.)
on the sixth day. In the second test period, the same protocol was followed,
replacing ciprofloxacin with a 30 mg dose of norfloxacin. Both clozapine and
norfloxacin were suspended in 1% carboxymethylcellulose and vortexed for
5 minutes before oral administration by intragastric gavage.

Sample preparation

To determine the plasma concentration of each analyte, namely the
parent drug clozapine (CLZ) and its metabolite (CLZ-M), venous blood
samples were collected from each rat during each study period. Cannulation
of the left femoral vein was performed one day before clozapine administration
under general anesthesia induced by a combination of ketamine, xylazine,
and diazepam (1:1:1) via intramuscular injection. This procedure was done
for each rat and allowed for automated blood sampling using the BASi Culex
ABCP® system (BASi Research Products, West Lafayette, IN, USA), ensuring
consistency and reducing variability.

Blood samples (200 uL each) were collected at multiple time points:
5,10, 15, 30, and 45 minutes; 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, 48, and 60 hours
after clozapine administration. Samples were stored at -20°C until analysis.
Sample preparation involved mixing 60 L of blood with 180 pL of methanol,
vortexing for 10 seconds, and centrifuging at 10,000 rpm for 8 minutes. The
resulting supernatant was transferred to autosampler vials for quantification
via HPLC-MS.

111



ANA-ELENA CHIRALLI, IULIA MARIA CIOCOTISAN, ANA-MARIA VLASE,
DANA MARIA MUNTEAN, LAURIAN VLASE

Drug analysis from plasma samples

Clozapine and its active metabolite concentrations in rat plasma samples
were simultaneously determined using a validated liquid chromatography-
tandem mass spectrometry (LC-MS/MS) method. The HPLC system used
was an Agilent 1100 series, featuring a binary pump, autosampler, and
thermostat (Agilent Technologies, Santa Clara, CA, USA), coupled to an
Agilent lon Trap 1100 SL mass spectrometer. Chromatographic separation
was achieved on a Zorbax SB-C18 column (100 mm x 3.0 mm i.d., 3.5 ym)
(Agilent Technologies, Santa Clara, CA, USA). The mobile phase consisted
of 0.3% formic acid in water (v/v) and methanol in a 68:32 ratio, with isocratic
elution maintained for 3 minutes. The injection volume was set to 3 uL, with
a flow rate of 1 mL/min, and the column temperature was kept at 45°C. Under
these chromatographic settings, the retention times were 2.4 min for
clozapine and 1.9 min for its metabolite. Mass spectrometric detection
utilized multiple reaction monitoring (MRM) mode with an electrospray
ionization source in positive ion mode. The monitored mass transitions were
m/z 270 from m/z 328 for clozapine and m/z (253, 270) from m/z 314 for its
metabolite. Calibration curves for both clozapine and its metabolite were
linear within the concentration range of 5 to 1000 ng/mL.

Kinetic and statistical analysis of data

A three-tiered modelling strategy was utilized to manage the extensive
number of variables, which would otherwise result in numerous model
combinations, making computation infeasible.

In the first stage, the focus was on optimizing a model specifically for
the parent compound, CLZ, without including the metabolite or potential
kinetic interactions. This initial model was aimed and consequently designed
to isolate and characterize the kinetic properties of clozapine, establishing a
foundational framework for incorporating more complex variables in following
stages. A summary of the model parameters evaluated for clozapine kinetics
was presented in Table 1.

Figure 9 depicts the three-tier modelling approach used to further
analyze the kinetics of clozapine’s primary metabolite, N-desmethyl clozapine
(CLZ-M), as well as the combined kinetics of CLZ and CLZ-M in the context
of drug-drug interactions with ciprofloxacin and norfloxacin.
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Figure 9. The three-tier framework utilized for kinetic modelling of clozapine
(CLZ), its primary metabolite (N-desmethyl clozapine, CLZ-M), and the drug-
drug interactions involving clozapine and the fluoroquinolone antibiotics
ciprofloxacin and norfloxacin.

The Akaike Information Criterion (AIC) was employed as the primary
method for model selection and evaluation to determine the kinetic model
that best fit the experimental data [15]. AIC considers the number of
observations, the quality of the fit, and model complexity. It is calculated using
the formula:

AIC = m * In(WSSR) + 2 * p,

where m represents the number of observations, WSSR is the weighted sum
of squares of residuals, and p is the number of structural parameters in the
model [11-14,16]. A lower WSSR value indicates an improved fit, which
results in a lower AIC score and a better overall fit to the data [16].

The AIC disadvantages models with more parameters, as its final
value increases proportionally with p. Therefore, when comparing two models
with similar fit quality (e.g., identical WSSR values), the model with fewer
parameters will yield a lower AIC and be considered the better choice.
Overall, a lower AIC value signifies a superior fit, provided the same data and
error assumptions apply across the models [11,14].
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EFFECTS OF SOME TURKISH PLANT EXTRACTS ON
CARBONIC ANHYDRASE AND CHOLINESTERASE
ENZYMES
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ABSTRACT. Cholinesterase inhibitors are valuable compounds that can be
used in many different therapeutic applications, including Alzheimer’s disease.
Carbonic anhydrase (CA) inhibitors constitute a pharmacological intervention
employed for the management and alleviation of various medical conditions,
including glaucoma, idiopathic intracranial hypertension. Turkey has a large
and diverse flora, home to thousands of plant species. Hundreds of compounds
of medicinal importance have been identified from the many plants in this
flora. In this study, the inhibitory properties of seven different plant extracts on
CA | and ll, acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
enzymes were investigated. The tested extracts showed AChE inhibitory
activity with values ranging from 1.26 to 4.20 pug/mL, BChE inhibitory activity
with values ranging from 1.32 to 4.24 ug/mL, CA | inhibitory activity with values
ranging from 0.74 to 1.82 pg/mL and CA Il inhibitory activity with values
ranging from 0.033 to 0.067 pg/mL. The extract of Zosima absinthifolia showed
a very active inhibition profile against both AChE and BChE (ICs01.26 + 0.01
pg/mL for AChE and 1.32 + 0.02 ug/mL for BChE). The results indicate that
these extracts are potent cholinesterases inhibitors and specifically Zosima
absinthifolia extract could be evaluated for further studies.

Keywords: enzyme inhibition, Turkey flora, Zosima absinthifolia.
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INTRODUCTION

In this study, the enzyme inhibitory properties of seven plants growing
in Turkey, one of which is endemic, were investigated. It was aimed to
investigate the various enzyme activities of plants grown in Bitlis province
and used among the public to relieve various symptoms. The selection of
plants carried out based on their traditional use. Diplotaenia cachrydifolia is
used traditionally for treating diabetes and rheumatism [1]. In Turkish folk
medicine, the mixture made from the Zosima absinthifolia leaves is used in
the treatment of diabetes [2]. In European folk medicine, Salvia species has
been used to treat gastrointestinal disorders (dyspepsia, flatulence, abdominal
spasms, diarrhea, inflammation of intestinal mucosa), inflammation of the mouth
and throat [3]. Significant medicinal benefits from Fumaria species have been
reported in traditional medicine, especially as a remedy for hepatobiliary
disorders, cough, eczema treatment, and skin diseases [4]. Anarrhinum species
[5], Ferulago species [6], and Rhabdosciadium species [7] are used in the
treatment of various diseases in folk medicine.

The Zosima genus, which belongs to the Apiaceae family and spreads
over a wide area from the Middle East to Turkey, Iran and Afghanistan, has
been used as a medicinal plant for centuries. Essential oils and extracts of this
plant have many biological activities such as anti-inflammatory, antimicrobial
and cytotoxic activity. The essential oil of “peynir otu” (Zosima absinthifolia)
fruits has a high antibacterial effect and it was found effective against some
bacteria such as Bacillus pumilus and B. subtilis [8]. Another study concluded
that flower and fruit extracts of Z. absinthifolia have high antioxidant and
anticholinesterase properties.

Bahadir, Citoglu [9] stated that n-hexane extract obtained from the
aerial part of Z. absinthifolia has anti-inflammatory properties in rats. In another
study, it was found that the methanol extract of Z. absinthifolia fruits exhibited
significantly higher free radical scavenging, antibacterial, anti-inflammatory,
and cytotoxic activities [9]. Additionally, studies on the essential oil compositions
of Z. absinthifolia fruits have shown that the main components of the essential
oil are octyl acetate, octyl octanoate, octyl hexanoate and 1-octanol [10, 11].

Salvia species are represented by about a hundred species, half of which
are endemic, in Turkey. In a study on “firat salbas|” (Salvia pseudeuphratica),
the main components of the plant’s essential oil were found to be camphor, 1,8
cineole and linalool by GC-MS analysis. It was thought that the essential oil
of the plant could be used as an insect repellent due to its high camphor
content [12]. In another study, researchers focused on the anticholinesterase
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activity of S. pseudeuphratica essential oil. The study found that the essential
oil of the plant showed high anticholinesterase activity with an ICso value of
26 pg/mL [13].

Fumaria L. (Papaveraceae) has about 60 species and is found on
the European continent, especially in the Mediterranean region and Eastern
and Western Europe. Extracts obtained from Fumaria spp. has been used
traditionally to treat rheumatism, abdominal pain, abdominal cramps, fever,
diarrhoea, some skin diseases (rash or conjunctivitis), syphilis and leprosy.

Studies have presented extremely rich sources in terms of the
alkaloid content of Fumaria species. In addition to the alkaloid content, the
presence of different types of flavonoids, steroid structures and organic acids
is also constant. Studies conducted with Fumaria extracts have also found that
they have strong antihypertensive, hepatoprotective, diuretic, laxative effects,
and antifungal, antibacterial, anti-inflammatory activities. These biological
activities have mostly been associated with the presence of isoquinoline
alkaloids [14].

The result of the GC-MS analysis of “aksahtere” (Fumaria asepala)
essential oil conducted by Yilmaz Sancar in 2023, Phytol (20.74 %) was the
major substance, followed by Thymol (20.42%), Benzyl Benzoate (15.89 %)
and Hexahydrofarnesyl acetone (12.92 %). As a result of the antimicrobial
analysis, F. asepala essential oil showed the best antimicrobial effect against
S. aureus-ATCC 25923 (24 mm) and K. pneumoniae (24 mm). To determine
antioxidant effects, total antioxidant level (TAS) and total oxidant level (TOS)
were examined and it was found that the total oxidant level was high [15].

“Kdse otu” (Diplotaenia cachrydifolia) is a member of the Apiaceae
family and a perennial plant that grows wild in the eastern parts of Turkey. In
previous studies, compounds such as jatamansin, xanthotoxin, bergapten and
isopimpinellin were isolated from different parts of this plant [16]. In another
study, alpha phellandrene and isomyristin substances were found in high
amounts in the oil obtained from the roots of the plant, while terpinolene
isodillapiol substances were found in high amounts in the oil obtained from
the leaves and fruits. The researchers compared their results with those of
other studies and evaluated that the difference in the major substances could
be due to climatic factors, plant collection location, plant nutrition status and
genetic differences [17]. In a more recent study, antimicrobial, antioxidant
and antigenotoxic activity analyses were performed on the extracts prepared
with different solvents (ethanol, acetone, hexane) from the plant. The highest
antioxidant activity (DPPH ICso: 2.5234 ug/mL) and phenol content (55.36 +
0.035 pg/mL) were observed in the ethanol extract, which also showed
protective effect against genotoxicity induced by mitomycin C [1].
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The Rhabdosciadium genus, belonging to the Umbelliferae family,
is distributed with two species in Turkey. “Som handok” (Rhabdosciadium
microcalycinum) is a plant native only to Turkey. In Turkey, it can only be
seen in the upper Euphrates region, in the provinces of Bingdl and Elazig. In
a GC-MS analysis on the composition of the essential oil obtained from
Rhabdosciadium microcalycinum plant collected from the Elazi§ region, the
major component of the oil was found to be germacrene D [18]. In a recent study,
different activities of the ethanolic extract of R. microcalycinum plant collected
from the Bingdl region were investigated. The plant extract showed remarkable
inhibitory effects on AChE and alpha glucosidase enzymes, and the ICs values
were found to be 35.86 mg/mL and 10.14 mg/mL, respectively [19].

Plants belonging to the genus Ferulago are members of the Apiaceae
family. When the essential oil of “yildiz kignisi” (Ferulago stellata) plant collected
from Iran was investigated, GC-MS analysis revealed that 2,4,5-trimethyl
benzaldehyde and alpha and beta pinene compounds were the major
components of the oil [20]. In another study, the inhibitory effects of the ethanolic
extract of the plant collected from the Catak region of Van province on AChE,
alpha glucosidase and alpha amylase enzymes were remarkable, and the
IC50 values were 1.772 ug/mL, 33.56 ug/mL, and 0.639 pg/mL, respectively [6].

The treatment of various diseases is greatly influenced by enzyme
inhibitors. AChE (EC 3.1.1.7) plays a crucial role in terminating cholinergic
signaling by hydrolyzing acetylcholine (ACh), a vital neurotransmitter for memory
and motor function [21].

Located postsynaptically, AChE terminates neuronal signaling by
rapidly hydrolyzing ACh. Unlike AChE, butyrylcholinesterase (BChE) (EC 3.1.1.8)
is primarily synthesized in the liver and distributed throughout the body, including
blood plasma and the nervous system [22]. Clinical evidence demonstrates
that AChE inhibitors enhance cholinergic activity by elevating ACh levels
within cholinergic synapses [23]. While AChE primarily mediates ACh hydrolysis,
BChE contributes to regulating ACh levels and plays a crucial role in drug
metabolism and detoxification [24]. Selective inhibitors for both AChE and
BChE are valuable therapeutic tools for managing motor neuron diseases
like dementia, myasthenia gravis, and Alzheimer’s disease [21].

CAs (EC 4.2.1.1) are metalloenzymes catalyzing the conversion of
CO; to HCO3 and H*. These ubiquitous enzymes are encoded by six distinct
gene families across diverse species [25]. Humans possess fifteen CA isoforms,
with cytosolic hCA I/l being most prevalent across tissues. Understanding CA
modulation holds therapeutic potential for various clinically significant disorders
[26, 27]. Notably, specific CA inhibitors have enabled the development of novel
drugs for treating epilepsy, edema, and glaucoma. Therefore, exploring and
identifying novel CA isoenzyme inhibitors represents a promising avenue for
therapeutic discovery [26, 28, 29].
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RESULTS AND DISCUSSION

An evaluation of seven plant extracts against the AChE enzyme identified
extract of Z. absinthifolia as possessing the most potent inhibitory activity,
exhibiting an ICso value of 1.26 pyg/mL (Figure 1).
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Figure 1. Decreasing in the AChE enzyme activity against tested extracts.

Conversely, extract of R. microcalycinum demonstrated the weakest
inhibitory effect, as reflected by its ICs value of 4.2 ug/mL. Notably, all tested
extracts displayed close inhibitory activity compared to the reference molecule,
galantamine, which possessed an ICso value of 0.4 pg/mL (Table 1).

Table 1. Inhibition values of AChE and BChE enzymes with the tested extracts.

Plant Extracts AChE ICso Galantamine BChE ICso  Galantamine
value (ug/mL) Equivalents for value Equivalents for
AChE (pg/mL) (ug/mL) BChE (ug/mL
Zosima absinthifolia 1.26 £ 0.01 3.15 1.32+£0.02 0.6
Anarrhinum orientale 247 £0.03 6.175 2.92+0.03 1.327
Fumaria asepala 242 +£0.03 6.05 243 £0.03 1.104
Ferulago stellata 2.81+0.03 7.025 2.96 + 0.03 1.345
Salvia pseudeuphratica 2.87 +0.03 7175 2.95+0.03 1.34
Rhabdosciadium 4.20+0.04 10.5 4.24 £ 0.04 1.927
microcalycinum
Diplotaenia cachrydifolia 2.90+0.03 7.25 2.90 £ 0.03 1.318
Galantaminef? 0.40 + 0.10 2.20 +0.30

[a] [30].
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An assessment of the inhibitory potential of various plant extracts
against the BChE enzyme revealed that extract of Z. absinthifolia exhibited the
most pronounced inhibitory activity, with an ICso value of 1.32 ug/mL (Figure 2).

BChE
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Figure 2. Decreasing in the BChE enzyme activity against tested extracts.

Among the seven extracts tested against the AChE enzyme, R.
microcalycinum (ICso = 1.82 pug/mL) showed the weakest inhibitory effect among
the seven extracts against the hCA | enzyme. However, extract Z. absinthifolia
(0.74 pg/mL) showed the best inhibitory profile among all plant extracts (Figure 3).
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Figure 3. Decreasing in the CA | enzyme activity against tested extracts.
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Additionally, in this study, the values obtained for the hCA | enzyme
(0.74-1.82 pg/mL) were compared with the reference molecule acetazolamide
(1.652 pg/mL). All of these plant extracts showed better or similar values than
acetazolamide (Table 2).

Table 2. Inhibition values and acetazolamide equivalents (AE)
of CAl and CA Il enzymes with the tested extracts.

Plant Extracts CA | ICso value Acetazolamide  CAIl ICsovalue Acetazolamide

(ng/mL) Equivalents for  (ug/mL) Equivalents for
CAl (ug/mL) CA ll(ug/mL)

Zosima absinthifolia 0.74 £0.02 0.456 0.033 £ 0.001 2.062

Anarrhinum orientale  0.97 £ 0.03 0.587 0.041 £ 0.001 2.562

Fumaria asepala 0.95+0.03 0.575 0.038 + 0.001 2,375

Ferulago stellata 1.01 £0.03 0.611 0.047 + 0.001 2.937

Salvia 1.13+0.03 0.684 0.051 £ 0.001 3.187

pseudeuphratica

Rhabdosciadium 1.82 £0.08 1.123 0.067 £ 0.001 4.187

microcalycinum

Diplotaenia 1.11 £ 0.04 0.671 0.053 + 0.001 3.312

cachrydifolia

Acetazolamide 1.652 £ 0.03 0.016 + 0.001

R. microcalycinum extract (ICso = 0.067 pg/mL) showed the weakest
inhibitory effect among the seven extracts against the hCA |l enzyme. However,
extract Z. absinthifolia (0.033 pg/mL) showed the best inhibitory profile among
all plant extracts (Figure 4).
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Figure 4. Decreasing in the CA Il enzyme activity against tested extracts.
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Additionally, in this study, the values obtained for the hCA Il enzyme
(0.033-0.067 pg/mL) were compared with the reference molecule acetazolamide
(0.016 pg/mL). All of these plant extracts showed values close to acetazolamide
(Table 2).

When comparing our results with those from other studies on the same
plants, we observe significant variations in the outcomes. For AChE inhibition, the
experiment using Fumaria asepala extract at a concentration of 1 pg/mL resulted
in 21 % inhibition in our study. However, the same plant’s extract prepared using
a chloroform: methanol (1:1) solvent system exhibited 9.76 % inhibition at the
same concentration. Since both plants were extracted using solvents of similar
polarity, the observed differences in results may be attributed to solvent selection
for extraction or the geographical origin of the plants in different studies
(Sivrihisar, Ankara — Baskil, Elazig) [31].

Another group working with Zosima absinthifolia conducted a
comprehensive study using different parts of the plant collected from Erzurum.
In their research, extracts prepared from different parts of the plant using various
solvents such as methanol, hexane, dichloromethane, and ethyl acetate and
some of the secondary metabolites of plant isolated. Results showed significant
variations in terms of cholinesterase inhibition. The highest inhibitory activity
among extracts was observed in dichloromethane fruit extracts at 20 ug/mL,
against both AChE and BChE (31.46% and 82.27% respectively). Among the
isolated compounds pimpinellin showed highest activity against BChE (66.55%
inhibition at 20 ug/mL) while umbelliferon presented best results against AChE
(61.09% inhibition at 20 pg/mL) [32]. This results aligned with our findings and it
points that the enzyme inhibitory activity of Z. absinthifolia could be related to its
coumarin compounds.

In a study conducted on the ethanolic extract of Ferulago stellata collected
from the Catak region in Van province, it was determined that it exhibited activity
with a lower ICso value compared to our results (ICso: 2.42 and 1.77 pg/mL)

[6].

In a conducted study, the acetylcholinesterase inhibitory activity of the
ethanolic extract obtained from R. microcalycinum collected in Bingdl was found
to be lower compared to our own results. This endemic species, which grows
exclusively in Bingdl and Elazig, yielded significantly different results when
samples were collected from two distinct regions (ICso: 35.86 and 4.20 pg/mL).
The observed variation in activity is likely due to compositional differences in the
bioactive compounds, influenced by solvent selection or the specific geographical
location of plant growth [19].

In another study, the ICsg value obtained from the AChE inhibitor activity
test on the essential oil of S. pseudeuphratica was significantly higher than the
ICs0 value demonstrated by plant’s methanol extract in our study (ICso: 26 and
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1.13 pg/mL). Since both studies utilized plants collected from the same region,
the difference in results is attributed to the fact that the activity test was performed
on volatile oil in the initial study and on methanol extract in our study [13].

CONCLUSIONS

The evaluation of the inhibitory effects of Turkish plant extracts against
various key enzymes, including AChE, BChE, CAl and Il, has yielded significant
insights into their potential therapeutic applications.

The anticholinesterase and carbonic anhydrase inhibitor activity analysis
on Diplotaenia cachrydifolia and Anarrhinum orientale plant extracts has been
conducted for the first time in this study. High activity was observed at the
reference substance level in both butyrylcholinesterase and carbonic anhydrase
inhibition. These findings highlight the potential pharmacological significance of
these plant species.

EXPERIMENTAL SECTION

Chemicals and laboratory

All enzymes and chemicals used for experiments were bought from
Sigma Aldrich (Germany). Extract preparation and enzyme inhibiton studies were
carried out in Central Research Laboratory of Agri Ibrahim Cecen University.

Sample collection

All plants collected and identified by Murat Kirsat in 2020 from different
regions of Turkey. Diplotaenia cachrydifolia Boiss. was collected in September
from Karz Mountain, Bitlis at 2250 m. Ferulago stellata Boiss. and Rhabdosciadium
microcalycinum Hand.-Mazz. were collected in September from Kambos
Mountain, Bitlis at 1750 m. Anarrhinum orientale Benth. was collected in
August from Kambos Mountain, Bitlis at 1600 m. Fumaria asepala and Zosima
absinthifolia (Vent.) Link was collected in May from the Baskil region of Elazig.
Salvia pseudeuphratica Rech.f. was collected in July from Keban, Elazig.
Voucher specimen for each plant is available at Bitlis Eren University.

Preparation of plant extracts

For each plant, 50 g of dried plant material was taken. The coarsely
ground parts were extracted with methanol at room temperature. The extraction
process was repeated 4 times, and plants were extracted with a magnetic
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stirrer for 12 hours by adding 1 L of fresh methanol each time. The methanolic
phases obtained at the end of the extraction were combined and the methanol
was evaporated with a rotavapor and the dry crude extracts were obtained
for each plant. Extracts of Z. absinthifolia, A. orientale, F. asepala, F. stellata,
S. pseudeuphratica, R. microcalycinum and D. cachrydifolia were numbered
1to 7, respectively.

Carbonic anhydrase I/ll inhibition

The activities of carbonic anhydrase | and Il (CA /1) were assessed
spectrophotometrically at 348 nm by monitoring the conversion of 4-
nitrophenyl acetate (NPA) to 4-nitrophenolate (NP) per minute over 3 minutes
incubation at 25 °C. Each reaction mixture comprised:

e 1.4 mL of 50 mM Tris-SO4 buffer (pH 7.4)
e 1 mL of 3 mM NPA
e 0.5 mL of deionized water
¢ 0.1 mL of enzyme solution
for a total volume of 3.0 mL [33].

Cholinesterase enzymes inhibition

The inhibitory activity against acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) was evaluated using a standardized assay
system. Each reaction mixture contained:

e 5-60 pL of inhibitor sample solution
200 pL of buffer (1 M Tris-HCI for AChE, PB for BChE; pH 8.0)
50 uL of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (0.5 mM)
50 pL of acetylthiocholine iodide/S-butrylthiocholine chloride (10 mM)
10 pL of enzyme solutions at concentration of 0.28 U/mL for AChE
and 0.32 U/mL for BChE [34].
The reaction was initiated by adding the enzyme, and the absorbance
at 412 nm was monitored at 25° every two minutes for a total of 6 minutes
incubation. A control lacking the inhibitor was included for comparison [35].

General enzyme inhibition studies

The inhibitory activities of plant extracts against carbonic anhydrases
I and Il (CA I/ll), acetylcholinesterase (AChE), and butyrylcholinesterase
(BChE) were determined using spectrophotometric methods (Agilent BioTek
Epoch Microplate Spectrophotometer, California, USA). Acetazolamide and
galantamine served as reference molecules for CA I/ll and AChE/BChE,
respectively. Meticulously prepared stock solutions of the investigated extracts
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and reference molecules were dissolved in dimethyl sulfoxide at a concentration
of 1 mg/mL. Subsequent dilutions using distilled water were performed to
achieve a 1000-fold dilution. The inhibitory activity of these extracts on the
aforementioned enzymes was assessed at seven distinct concentration points.
The detailed methodology employed in this study adheres to procedures
established in previously published works. Inhibitory properties for all extracts
and standard drugs were calculated as IC50 values determined graphically from
inhibition curves against the log inhibitor concentration and the percentage
of inhibition. 1Cso values represent the inhibitor concentration required for
50% inhibition of the enzyme. [29, 36, 37].

Statistical analysis of data

The SPSS program was used for the analysis of the experimental
data. The standard deviation for ICso values were calculated and results were
reported as mean * standard deviation.
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ABSTRACT. The primary objective of this investigation was to assess the
total polyphenolic content (TPC), identify and quantify individual polyphenols,
and evaluate their radical scavenging activity (RSA), as well as determine
the mineral composition in stem extracts from nine distinct Vitis vinifera
varieties. The total phenolic content in grape stem extracts ranged from
34.87 to 76.95 mg gallic acid equivalents (GAE) per gram of dry weight
(d.w.). These extracts exhibited significant free radical scavenging activity,
ranging from 0.344 to 0.898 mmol Trolox equivalents (TE) per gram d.w.
Stem extracts were predominantly characterized by flavan-3-ols, flavonols,
and phenolic acids. Catechin and quercetin-3-glucuronide were identified as the
most abundant components, with concentrations of up to 1.858 mg/g d.w. and
1.315 mg/g d.w., respectively. Potassium (K) emerged as the most abundant
element in all samples, with content ranging from 7.297 mg/g d.w. to 16.695
mg/g d.w., followed by calcium (Ca), phosphorus (P), and magnesium (Mg).

Keywords: Vitis vinifera, stem extracts, flavonols, potassium.

INTRODUCTION

The food processing sector generates a substantial volume of waste,
posing environmental threats and causing considerable economic losses.
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Grape stems, a byproduct of the winery industry, are often utilized partially as a
source of astringent compounds, primarily comprising proanthocyanidins [1-2].
These stems are typically removed prior to vinification processes to prevent
excessive astringency in wine or adverse effects on its sensory properties.
Stem quantities typically range from 1.4% to 7.0% of the processed raw
material [3]. Presently, grape stems hold low commercial value, primarily
serving as animal fodder or soil enhancers. Limited available data on the
composition of grape stems suggests their potential as a valuable source of
dietary fibber and antioxidants [4-5]. Phenolic compounds represent a significant
category of substances due to their well-established health-promoting properties.
The phenolic composition of grape stems typically includes flavan-3-ols,
hydroxycinnamic acids, monomeric and oligomeric flavonols, and stilbenes
[6-7]. It has been reported that phenolics constitute approximately 5.8% of
the dry weight of grape stems [2]. While phenolic compounds are commonly
found in various plant-based foods, there is a preference for extracting them
from agri-industrial by-products [8-9]. Consequently, there has been notable
interest in recent years in acquiring polyphenols from plant residues. These
polyphenols are sought for applications in the pharmaceutical sector, as food
additives and supplements, or in cosmetics.

In addition to the organic constituents, the significance of both major
and trace elements in grape stems cannot be overlooked. Findings from Leal
et al. [5] underscored that the essential trace elements present in stems offer
notable nutritional value. Conversely, concentrations of toxic elements such
as arsenic (As), cadmium (Cd), and lead (Pb) were minimal and posed no
threat to human health.

This study aims to explore the composition of grape stems to assess
their potential utilization in the food and/or pharmaceutical industries. Stems
from nine distinct grape cultivars underwent extraction via maceration. The
resulting exracts were then subjected to analysis to establish their phenolic
profiles using the HPLC method. Additionally, the mineral composition of the
stems was assessed utilizing the ICP-OES method.

RESULTS AND DISCUSSION

Mineral contents of grape stems

The data about the mineral contents of the stems are presented in
Tables 1-3. Statistical analysis showed that mineral contents of the stems
differ significantly among the cultivars (p<0.05).
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The plant materials with high concentrations of the nutrient elements will
play an essential role in maintaining human health when taken at recommended
levels [10]. This study determined that grape stems are also useful dietary
supplements that can provide K, P, Ca, Mg, Fe, and Zn.

All the grape stems were characterized by high potassium and low
sodium contents. The concentration of Na varied and ranged from 2.01 ug/g in
the Tamjanika Black cultivar to 4.85 pg/g in the Merlot cultivar.

Merlot cultivar had the highest levels of K (16.695 mg/g), whereas cv.
Zupljianka had the lowest K concentration (0.761 mg/g). K is essential for
human health. High-potassium diet lowers blood pressure and reduces
cardiovascular disease morbidity and mortality [10]. Since K is necessary for
the growth and development of plants, this may be the main reason why it is
the most abundant element in grape stems. Romero et al. [11] also analyzed
K in stems, and obtained values were in accordance with values obtained in
our study. However, Kondi et al. [12] found slightly lower (1.4 mg/g) whereas
Leal et al. [5] values were higher (18.10-39.36 mg/g).

The highest P concentration was in the stems of Plovdina (3.349
mg/g) and Merlot (3.017 mg/g) cultivars and it was lowest in the Zupljanka
cultivar (1.232 mg/g). P can be found most as phosphates in the environment
as well as in plant tissues.

The results from the present study also showed that grape stems are
rich in Ca. Ca concentrations in grape stems varied from 3.328 to 8.410 mg/g.
The average results of Ca (5.016 mg/g) were higher compared to results
reported by Kondi et al. [12] (1.92 mg/g), but lower obtained by Romero et al.
[11] (14.9 mg/g). Ca is an essential mineral for human health because it
is the major component of the bone, assists in tooth development, helps
regulate endo- and exo-enzymes, and plays a significant role in regulating
blood pressure [13].

Mg is one of the minerals found in high concentrations in grape
stems. Mg concentrations varied between 0.546 mg/g (cv. Prokupac) and
2.142 mg/g (cv. Smederevka). Mg is essential to all living cells, where they
play a major role in manipulating important biological polyphosphate
compounds like ATP, DNA, and RNA. Also, more than 300 enzymes require
magnesium ions to function [14].

Merlot Cultivar had the highest concentration of Fe, whereas the Muscat
Hamburg cultivar had the highest concentration of Zn (139.82 pg/g and 33.14
Mg/g, respectively). The optimum range of the iron content in grapevine
petioles ranges from 40 to 180 pg /g [15]. The previous results obtained in
grape stems in India, Portugal, and Spain's vineyards were 65.80-98.56 ug/g,
17.51-84.15 ug/g, 19.96-77.62 ug/g for Fe content Fe [12, 5]. Also, the previous
results obtained in grape stems in Poland, India and Spain vineyards for Zn
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content were 30.8 pg/g, 90.22 ug/g, 21.7 ugl/g respectively [11-12]. The
deficiency of Zn and Fe in the diet is a widespread problem and a matter og
great concern, especially in developing countries where people rely more on
vegetarian diets. These essential trace elements are involved with the vital
immune system (Zn) and metabolic functions and are intrinsic components
of hemoglobin, myoglobin, and cytochrome (Fe) [15]. They are also recognized
as potential antioxidants [10].

The most significant levels of manganese were noted in the stems of
cv. Merlot (123.07 pg/g), compared with only 10.27 ug/g d.w. in the stems of
cv. Tamjanika Blank (Table 2). Generally, manganese shows the most significant
variation in stem tissues because root uptake of this nutrient depends on the
soil solution concentration of Mn?* [16]. Adequate Mn values for grape
petioles are 18 to 100 ug/g. Gastol and Domagala-Swiatkiewicz [17] suggested
that the high Mn levels, could be linked to increased availability of Mn in acid
soils.

The copper content in grape stems ranged from 5.90 pg/g in stems
of Tamjanika Black to 48.80 ug/g in stems of Cabernet Sauvignon. The previous
study by Kondi et al. [12] found that Cu content in vine and table grape stems
cultivated in India varied from 11.23 pg/g to 29.97 pg/g. The studies of Cu
content in grape stems range from 16.00-159.25 ug/g in Portugal [5] and 8.9-
21.7 pgl/g Spain [11]. Many studies indicated that grapefruit, leaf, and stem are
contaminated with Cu worldwide. Copper is generally slightly mobile element
in plants as it is strongly bound by nitrogen and proteins. However, some plant
species have a great tolerance to increased content of Cu and can accumulate
high amounts in their tissues [18]. The content of Cu in the vineyards” soll
usually depends on the age because the long-term use of the same parcels
for grapevine growing could cause Cu accumulation in the soil due to the
application of Cu-fungicides.

However, can find other elements in the vineyard soils, and consequently,
in the vines, namely toxic or heavy metals (As, Al, Cd, Pb, and Hg). These
elements appear in the soil, mainly due to the fertilizers and chemical pesticides
used, and due to industrial activities or traffic. Thus, in the last years there
has been a growing concern by the population about the increase in the quantity
of toxic elements in plants [19], since these metals, when accumulated in the
human body, can have negative effects, causing damage, for example, in the
kidneys, nervous and immune systems, and even having carcinogenic effects
[20]. For this reason, maximum levels of toxic metals in food have been set
in most countries to prevent possible poisoning [22]. In this way, to verify the
possibility of using grape stems in distinct industry areas, their content toxic
metals were determined, if this by-product can be used safely in new and
innovative products on food, cosmetic, and pharmaceutical industries.
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The contents of toxic elements Al, Cd, and Pb in grape stems are also
presented in Table 3. The most abundant toxic element in grape stems was Al,
with concentrations ranging from 3.74 ug/kg dw (cv. Zupljanka) to 48.13 ug/
kg d.w. (cv. Cabernet Sauvignon). Pb content, an element with no known
function in human organism, varied between 0.56 ug/g (cv. Cabernet Sauvignon)
and 1.70 ug/g (cv. Plovdina).

Cd was detected only in three cultivars in range 0.01 (cv. Italian Rizling)
to 0.04 ug/g (cv. Merlot), whereas As was not detected.

Concerning the literature, Bustamante et al. [22] also quantified Cd and
Pb in grape stems, obtaining average concentrations of 0.80 ug/g d.w. and
26.2 ug/g d.w., respectively. Compared to the present study, these concentrations
are much higher, since the average value obtained for the nine cultivars
analysed were 0.08 pg/g DW for Cd and 0.99 pg/g d.w. for Pb. These differences
between studies can be justified by the above mentioned, namely, genetic
characteristics, pollution, and de-stemming process.

Table 1. The content of essential macroelements +SD? (ug/g) in grape stems

Sample K Mg Na P Ca

Zu 7612435 645+3 2.48+0.02 1232113 7287145
B 14800160 1194411 2.01+0.01 2099+30 4477418
MH 11836160 77115 2,92+0.01 2656126 5571120
Sm 9905440 2142419 3.73+0.06 2194+21 8410455
Pr 1134420 54714 2.08+0.01 1402412 3329120
Pl 7297140 1832+13. 3.8010.01 3350427 4534127
IR 9685+45 1492413 4.37+0.06 27275 4197+15
CSs 104121180 6656 2.07+0.02 275717 3515427
Me 16695+132 82349 4.85+0.05 301717 4232+30

aSD-standard deviation

Table 2. The content of essential trace and probably
essential elements +SD? (ug/g) in grape stems

Sample Mn Ni \") Zn Fe Cu

Zu 29.40£0.06 2.60+0.01 1.04£0.02 11.61£0.04 35.38£0.3 8.67x0.07
B 10.27£0.04 1.72+0.02 2.04£0.05 11.03%0.06 75.3+0.1 5.90+0.09
MH 80.3+0.4 2.04+0.02 2.28+0.02 33.1%0.1 49.7+0.2 18.59+0.06
Sm 16.61£0.05 1.93x0.01  3.81#0.02 29.75x0.08 58.6x0.1 9.34+0.04
Pr 45.60+0.09 3.03+0.00 1.01+0.02 17.18+0.06 70.320.2 57.2+0.3
Pl 45+0.2 3.04x0.02 3.40+0.06 13.5+0.1 115.5+0.2 9.19x0.04
IR 37.30.1 2.23+0.00 1.41£0.06 11.87%0.01 44.1+0.3 72.7+0.2
Cs 72.9+0.4 1.09+0.00 1.3+0.1 10.68+0.06  53.80+0.07 48.7+0.1
Me 123+2 1.81£0.01  1.31+0.08 30.7x0.4 139.8+0.8 43.6x0.3

aSD-standard deviation
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Table 3. The content of toxic and probable toxic elements +SD? (ug/g)
in grape stems

Sample Si Ba Cr Co Al Pb Cd
Zu 3.80+0.01 24.5+0.1 3.16+0.01 0.06+0.01 3.7+0.8 0.61+0.03 b
B 355+0.2 6.17+0.02 2.88+0.02 0.05+0.01 27+1 1.41+0.04 -
MH 74402 7.01+0.03 2.86+0.02 0.03+0.00 16.8+0.5 0.72+0.04 -
Sm 10.9+0.2 174101 297+0.01 0.04+0.01 14.7+0.5 1.18+0.02 -
Pr 257104 424103 3.00£0.05 0.0410.01 21.8+0.3 1.40£0.01 -

Pl 242401 16.45+0.05 3.30£0.01 0.06£0.01 62.1+0.8 1.70+£0.04 -

IR 17.44£0.08 7.78+0.06 0.05+0.00 0.21+0.01 24.96+0.07 0.68+0.05 0.010+0.001

cs 31.80+0.05 17.8+0.1 0.24+0.06 0.20+0.01 48.1+04 0.56+0.03 0.021+0.002

Me 62.5£0.7 29.4510.05 0.14+0.02 0.34+0.02 40.0+0.7 0.64+0.04 0.042+0.010
agD-standard deviation; ®-<LOD (<limit of detection)

Total phenolic content

According to the results for total phenolic content and (Table 4),
noticeable difference among investigated grape stem samples is observed.
The highest TPC was identified in cv. Merlot stem extract (76.95 mg GAE/g
d.w.). The lowest value for TPC was obtained in the sample of Plovdina
(34.87 mg GAE/g d.w.). The results of TPC for different grape stems obtained
here in agree with those reported in another publication ([7]- 47.04/115.25
mg GAE/g d.w.; [5]- 30.91-96.12 mg GAE/g d.w.). However, Spigno et al. [23]
observed total phenolic values considerably lower than those reported in the
present research (3.30 mg GA/g d.w. in Barbera variety). All these
differences may be attributed to the different vintage, geographical origin,
and viticultural conditions of the samples and to the solvent used during the
polyphenol extraction process [24].

Phenolic profile

It is also important to note that, these colorimetric methods, namely
the Folin-Ciocalteu assay, enclose some constraints related to the limited
information provided, the overestimation of the phenolic concentration and
the lack of qualitative information on individual bioactive phenolics [5].
However, this assay, and others spectrophotometric methods employed, do
not require expensive equipment, are easy to use and are all used to
complement the total phenolics determination. Furthermore, also determined
the identification of the individual phenolic compounds of these stem samples
by HPLC. A total of 13 polyphenols were quantified using the available
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standards in the grape stem extracts, mainly phenolic acids, flavan-3-ols and

flavonols (Table 4).

Table 4. Phenolic Profile of Grape Stems (mg/g d.w.), TPC- total phenolic content

(mg GAE/g d.w.), RSA- radical scavenging activity (mmol TE/g d.w.)

Sample Zu B MH Sm Pr Pl IR CS Me
(+)catechin  0.584 0.612 0702 0.898 0.855 0.654 1.125 1.080 1.858
(-Jepicatechin 0.011 0.014 0.020 0.032 0.018 0.014 0.028 0.022 0.018
T°ta3'_gf‘s"a"' 0595 0.626 0722 0930 0873 0668 1.153 1.102 1.876

Q-3- 0.034 0110 0.012 0.110 0205 0.005 0.044 0.017 0.022
rutinoside

Q3- 1414 0508 0607 0547 0478 0405 0573 0630 1.315
glucuronide

Q-3- 0.111 0.119 0.151 0.196 0.256 0.132 0.117 0.167 0.449
glucoside
Quercetin  0.009 0.010 0.037 0.040 0.025 0.046 0.015 0.092 0.018
Kaemferol 0.008 0009 0.013 0.011 0.020 0.018 0.017 0.015 0.016

Total 0.576 0.756 0.820 0.904 0984 0606 0.766 0.921 1.820
flavonols
L-7-glucoside 0.055 -2 0114 0261 0.168 -  0.382 0.097 0.448

Total 0055 - 0114 0261 0168 -  0.382 0.097 0.448
flavonon
t-caftaric acid 0.024 0.055 0.023 0.016 0.094 0.014 0.086 0.135 0.106
Caffeic acid 0.023 0.065 0.020 0.387 0.028 0.010 0.262 0.093 0.092
Syringic acid 0.008 -  0.049 0.061 0.021 0019 0.115 0.065 0.036
p'cg‘é;‘d‘a”c 0.014 0463 0083 0.184 0.176 0.012 0235 0.198 0.213
Ferulic acid - - - - 0014 0016 0.026 0.030 0.028

Total
phenolic  0.069 0583 0175 0648 0.333 0.071 0724 0521 0475

acids

Total

1157 1.957 1.821 2.717 2.344 1.326 3.060 2.721 4.611
polyphenols

TPC 4065 5213 39.15 4969 4352 34.87 67.84 7853 76,95

RSA 0.433 0.547 0497 0.668 0.523 0344 0732 0.766 0.898

a-<LOD (<limit of detection)
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In this study, only (+)-catechin and (-)-epicatechin were identified in
grape stems. This finding aligns with prior research by Souquet et al. [3], where
similar constituents were reported. Apostolou et al. [4] identified additional
compounds such as procyanidin B3, procyanidin B2, and epicatechin gallate
in grape stem extracts from various Greek Vitis vinifera varieties. Similarly,
Silva et al. [9] found catechin, epicatechin, gallocatechin gallate, and catechin
gallate in grape stem extracts from Portuguese red grape varieties: Touriga
Nacional and Preto Martinho. Conversely, Leal et al. [5] detected only catechin.
These discrepancies contributed to establishing distinct flavan-3-ol profiles for
stems of each grape variety, focusing on quantification of individual compounds
[7].

Catechin emerged as the most abundant compound in all examined
grape stems. Its concentration ranged from 1.858 mg/g in Merlot to 0.584 mg/g
in Zupljanka stems. Previous studies reported catechin content in grape stems
from Portugal, Spain, and Mexico as 0.55-2.03 mg/g dw, 0.093-1.339 mg/g d.w.,
and 0.034 mg/g d.w., respectively [7,5]. Interestingly, the concentration of (+)-
catechin in grape stems surpassed that found in skins and seeds [25]. This
compound exhibits high lability under oxidative conditions, providing protective
effects against free radicals [26]. Epicatechin concentrations in the stem
extracts of nine cultivars ranged from 0.011 to 0.032 mg/g d.w. This aligns
with findings from other studies indicating lower epicatechin concentrations
compared to catechin in stems of grape cultivars from Spain (0.006-0.111 mg/g
d.w.) [7] and Greece (0.012-0.099 mg/g d.w.) [27].

Although some European studies reported higher catechin
concentrations than epicatechin, others found the opposite trend. For instance,
Barros et al. [28] found epicatechin to be the most abundant, representing
68% and 75% of total proanthocyanidins in red and white grape cultivars'
stems, respectively. These variations may arise from genetic differences
between cultivars, light intensity, soil composition, and regional factors [29].

Flavonol content in grape stems ranged from 0.576 to 1.820 mg/g dw.
Quercetin, presented in both aglycon and glycoside forms, was consistently
detected in all stem extracts. The average amount of aglycon quercetin was
0.032 mg/g d.w., ranging from 0.009 to 0.092 mg/g d.w. Kaempferol was
found in relatively low amounts, ranging from 0.008 to 0.020 mg/g d.w. The
most abundant glycoside forms of quercetin were quercetin-3-glucuronide
and quercetin-3-glucoside, ranging from 0.405 to 1.315 mg/g d.w. and 0.111
to 0.449 mg/g d.w., respectively. Quercetin-3-glucuronide was the major
flavonol, representing 48.57% to 74.80% of the total. Luteolin-7-glucoside
was also detected in stem samples, albeit in extremely low concentrations
compared to major flavonols such as catechin.
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The phenolic acid composition, including t-caftaric, caffeic, syringic,
p-coumarin, and ferulic acids, varied significantly among different cultivars.
T-caftaric acid ranged from 0.014 mg/g d.w. to 0.135 mg/g d.w., consistent
with previous reports [27]. Grape stem cultivars Smederevka and lItalian
Riesling exhibited richness in caffeic acid, while syringic acid content varied
across cultivars. P-coumaric acid content was highest in cv. Tamjanika Black
and lowest in t-caftaric and caffeic acids.

Radical scavenging activity

The DPPH- test results for grape stem extracts are presented in Table 4,
indicating notable antiradical activity in Merlot and Cabernet Sauvignon stem
extracts (0.898 mmol TE/g d.w. and 0.766 mmol TE/g d.w., respectively), with
the lowest RSA value observed in Plovdina stems (0.344 mmol TE/g d.w.).

Correlating total phenolics, flavan-3-ols, flavonols, flavonones, and
phenolic acids contents with DPPH?e, yielded corresponding coefficients of
determination R? of 0.8707, 0.7857, 0.5813, 0.6319, and 0.5466, respectively.

The exact mechanism by which phenolic compounds scavenge free
radicals remains uncertain. However, it is evident that the structural composition,
particularly the aromatic OH groups, notably the 3’,4’-dihydroxy catechol group,
play a crucial role, with their activity potentially enhanced by the electron-
donating effects of other substituents [30]. For flavonoid compounds like
quercetin and rutin, antioxidant activity is associated with O-dihydroxy groups in
the B-ring, the presence of a C 2-3 double bond in conjunction with 4-oxo in
the C-ring, and 3- and 5-hydroxy groups, along with the 4-oxo function in the
A and C-rings.

Pearson’s Correlation Analysis

Pearson correlation analysis was conducted to examine the relationship
between metals in grape stem samples. Strong correlations (r = | 0.5| ) were
observed between certain metals (Mn, Fe, Cd, Si, and Co), while others (Cr,
Zn, Ba, and Mg) showed poor correlation. The distribution of trace metal ions
generally follows a pattern of roots > stems > leaves > fruit > seeds. Metal
uptake by plants depends on soil content and plant affinity for specific metals.
Antagonistic interactions between ions, particularly mono- and divalent cations,
affect uptake, transport, and accumulation in plants. For instance, a strong
positive correlation was found between Mg and V, Si and Cd, and Al and
P. Vanadium concentrations above certain levels can be toxic to animals and
plants, causing oxidative stress and nutrient disruption. Conversely, synergistic
interactions between V and mineral elements may occur. Excessive
phosphorus reduces the uptake of cationic micronutrients like Ni, Ba, and Cr.
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Potassium shows a negative correlation with Ca and Mg due to competitive
binding strengths. Lead exhibits negative correlations with elements like K,
Na, Ca, Mn, Zn, Cu, and Co, indicating potential atmospheric or soil origins
and translocation into plant tissues. Excessive calcium reduces copper uptake,
leading to decreased Ca content in stems. These findings suggest complex
interactions influencing metal uptake and distribution in grape stems.

In this research, the correlation of all individual polyphenolic compounds
in selected types of stems were also determined based on the Pearson
correlation coefficient. A high positive correlation was observed between
catechin and Q3 glucuronide, catechin and Q3 glucoside, catechin and L7
glucoside, epicatechin and Caffeic acid, Q3 glucuronide and Q3 glucoside,
Q3 glucuronide and L7 glucoside. The highest correlation coefficient occurs
between catechin and Q3 glucuronide.

Cluster Analysis

Ward's method was employed to classify stem types based on the
content of selected elements. The dendrogram presented illustrates the
association of wine types based on the elemental content (K, Mg, Na, P, Ca,
Mn, Ni, V, Zn, Fe, Cu, Si, Ba, Cr, Co, Al, Pb, and Cd) therein. Through cluster
analysis, the analyzed stems were delineated into two significant clusters.
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Figure 1. Dendrogram of stems type grouping
according to mineral contents

The first cluster encompasses the stems of varieties: Zu, MH, Sm, Pr,
Pl, IR, and CS, divided into two subclusters. The first subclvuster comprises
IR, CS, Pr, and MH, while the second subcluster comprises Zu and Sm along
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with Pl. Through cluster analysis, based on the Euclidean distance, it's
evident that the greatest similarity exists between wine types CS and IR due
to their similar elemental content. Subsequently, Zu and Sm species are
grouped together owing to their analogous elemental composition. The
second cluster comprises wine types TB and Me, distinguished from other
analyzed wines by their notably higher potassium (K) content.

The correlation between wine types regarding their phenol content
(catechin, epicatechin, Q-3 - rutinoside, Q-3-glucuronide Q-3-glucoside,
Quercetin, Kaemferol, L-7-glucoside, t-caftaric acid, and Caffeic acid) is
depicted on Dendrogram 2. Through cluster analysis, the wine types are
classified into two significant clusters.
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Figure 2. Dendrogram of stems type grouping
according to individual polyphenols

The initial cluster comprises: Zu, TB, MH, Sm, Pr, PI, IR, and CS.
Within this cluster, there are two subclusters: the first includes Zu, PI, TB,
and MH, while the second subcluster comprises Sm, IR, Pr, and CS. Utilizing
the Euclidean distance obtained from cluster analysis, it becomes evident
that the greatest similarity exists among the stem types Zu, PI, and TB due
to their similar element content. The second cluster is represented by the Me
stem, distinguished from others by significantly higher levels of catechins, Q-
3-glucuronide, and Q-3-glucoside.
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CONCLUSIONS

Grape stems, as a by-product of the wine industry, could be further
used to make the wine industry eco-friendlier and more sustainable. Results
of the present study showed that grape stems have a high content of
essential minerals, as the most represented Na, Mg, Ca, and K, as well as
phenol compounds, as the most represented Q-3-glucuronide and catechin.
In fact, the stems are richer in phenol compounds and minerals, in some
cases higher than some food matrices consumed in our diet, whereby this
by-product can be a good pledge in the production of value-added products.

EXPERIMENTAL SECTION

Samples

Well known international white and red wine varieties ‘Cabernet
Sauvignon’ (CS), ‘Merlot’ (Me), ‘Italian Riesling’ (IR), ‘Muscat Hamburg’ (MH),
together with Serbian autochthonous varieties ‘Prokupac’ (Pr), ‘Plovdina’ (PI),
and ‘Smederevka’ (Sm), Tamjanika Black (TB) and ‘Zupljanka’ (Zu) were
studied.

A total of 9 grapevine stem samples were collected in the south-east
region of Serbia. For twenty days, samples were washed with water and
dried on air, in the dark, and at room temperature. The dry plant material was
then packed in paper bags and kept in the dark, dry, and cool place. Before
being used, the plant material was comminated by a hammer mill and sieved
through a 6 mm sieve.

Samples preparation for HPLC analysis

The dried and ground stem (2.5 g) was macerated in 60%, v/v acetone/
water for 24 h (at room temperature, in the shade). After the incubation, the
extracts were filtered using the Whatman No. 1 filter paper. The residues
were extracted twice with the same fresh solvent and extracts combined. The
combined extracts were concentrated and freed of solvent under reduced
pressure at 45 °C, using a rotary evaporator (BUCHI Rotavapor R-200). The
dried crude concentrated extracts were dissolved using extraction solvent
and kept in refrigerator until analyses.

Samples preparation for ICP-OES analysis

Homogenized dried stems (1.0 g) were digested in a solution
containing HNOs; and water (2:1). The samples were heated at 200 °C.
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Then 1 ml 70% HCIO4 was added and reheated. The residue was taken up
in 25 ml of 1 % HCI.

Determination of total polyphenolic content (TPC)

Total polyphenolic content in the stem extracts was determined using
Folin-Ciocalteu method [31].

Determination of radical scavenging activity using DPPH test, RSA

Radical scavenging activity was determined spectrophotometrically
using DPPH (1,1-diphenyl-2-picrylhydrazyl) method [32].

HPLC method

Quantification of individual phenolic compounds was performed using
reversed-phase HPLC analysis according to research Miti¢ et al. 2012 [33].
The equipment used was an HPLC Agilent-1200 series with a UV-Vis DAD
detector for multi-wavelength detection. The calibration curve, coefficient of
correlation (R?), the limit of detection (LOD) and the limit of quantification (LOQ)
are shown in Table 5. The content of phenolic compound was expressed as
micrograms per gram of dried plant material (ug/g).

Table 5. Analytical parameters for hydroxycinnamic acids
used for HPLC-DAD analysis

Compound Calibration curve (R?) LOD? (ug/ml) LOQP (pg/ml)
Catechin y = 4628.36x + 0.97 0.9996 0.33 1.10
Epicatechin y = 4785.17x — 0.18 0.9998 0.30 1.00
Q-3-rutinoside y = 4879.79x — 5.55 0.9996 0.39 1.18
Q-3-glucoside y = 5209.08x — 1.05 0.9996 0.48 1.45
Quercetin y = 8143.54x + 5.62 0.9999 0.52 1.57
Kaemferol y = 18921.26x + 1.82 0.9999 0.55 1.67
Luteolin y =3542.67x + 1.81 0.9997 0.63 1.93
Caffeic acid y =33621.18x — 0.67 0.9998 0.30 1.00
Syringic acid y = 20540.50x + 0.98 0.9997 0.29 0.97
p-coumaric acid y = 32964.76x — 2.39 0.9992 0.52 1.57
Ferulic acid y = 18346.18x + 1.18 0.9998 0.48 1.45

a OD-limit of detection, PLOQ-limit of determination
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ICP-OES analysis

For the elemental analysis, an iCAP 6000 inductively coupled plasma
optical emission spectrometer (Thermo Scientific, Cambridge, United
Kingdom) with an Echelle optical design and a charge injection device (CID)
solid-state detector was used under the operating conditions as follows: flush
pump rate — 100 rpm; analysis pump rate — 50 rpm; RF power — 1150 W;
nebulizer gas flow — 0.7 L min-1; coolant gas flow — 12 L min-1; auxiliary gas
flow — 0.5 L min 1; plasma view — axial; time of rinse — 30 s; measurement in
three repetitions. All measurements were carried out in triplicate.

The precise method was optimized for each element. The choice of
wavelength was performed based on the relative intensity of the signal as a
measure of sensitivity, defects in response to the standards, and the extent
of interference in the real sample. All calibration curves were prepared with
four standard solutions, including the blank.

Statistical analysis

All measurements and analyses were performed in three replicates
in the present study. The data in tables and graphs are presented as mean *
standard deviation. Differences were considered statistically significant at
p < 0.05.
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RADIOCARBON DATING OF THE HISTORIC
DERBY BOAB TREE FROM DERBY,
KIMBERLEY, AUSTRALIA

Adrian PATRUT??©, Laszlo RAKOSY*<(, Karl F. VON REDEN¢

ABSTRACT. The paper presents the AMS (accelerator mass spectrometry)
radiocarbon dating investigation of the historic Derby Boab Tree from
Derby, Kimberley, Australia. This well-known boab (Adansonia gregorii) is
often considered a prison tree, where Aboriginal prisoners were temporarily
incarcerated in its cavity. According to recent research, the Derby Boab Tree
was never used as a prison tree. The boab has a closed ring-shaped structure,
with 3 perfectly fused stems enclosing a false cavity. A number of six punctiform
wood samples, the size of a grain of sand were collected from the cavity door
wall. The radiocarbon date of the oldest dated punctiform sample was 1285 +
21 BP, a value which corresponds to a calibrated age of 1185 + 20 calendar
years. This result indicates that the age of the Derby Boab Tree is 1250 + 50
years. This is the first accurate dating result of a boab and demonstrates that
the species is a millennial angiosperm.

Keywords: AMS radiocarbon dating, Adansonia gregorii, dendrochronology,
Australia, age determination, false cavity.
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INTRODUCTION

The Adansonia genus is classified into the Bombacoideae subfamily
of the Malvaceae family, and comprises eight officially recognised species.
One species is native to mainland Africa, six to Madagascar, and one can be
found solely in northern Australia [1-7].

In 2005, we launched an extensive research program aimed at clarifying
several controversialor poorly understood aspects related to the architecture,
growth and age of the African baobab (Adansonia digitata L.).

Using our original methodology that enables the study and dating of
living individuals rather than relying only on demised specimens, we conducted
investigations based on AMS (accelerator mass spectrometry) radiocarbon
dating of small wood samples. These samples were collected from inner cavities
and/or from different areas of the trunk/stems of baobabs [8-21]. Our research
revealed that all large African baobabs are multi-stemmed, featuring open
and closed ring-shaped structures that allow them to attain old ages and
exceptional sizes. We also identified false cavities, which are large natural
empty spaces formed between perfectly fused stems that are disposed in a
(semi)circular manner, in a so-called closed ring-shaped structure. The age of
the oldest African baobabs exceeds 2,000 years old, establishing the African
baobab as the longest living angiosperm [10,11].

In 2013, we expanded our research on the Adansonia genus to
Madagascar, where we investigated by radiocarbon large individuals of the most
representative three Adansonia species, namely the fony baobab (Adansonia
rubrostipa Jum. & H. Perrier), the za baoab (Adansonia za Baill.) and the
Grandidier baobab (Adansonia grandidieri Baill.). These Malagasy species are
found in the western and southern parts of the island [23-30].

Eventually, in 2015, we started to investigate superlative specimens of the
Australian baobab, commonly known as boab (Adansonia gregorii F. Muell.) [4].

Adansonia gregorii is native to the Kimberley region of the Western
Australia state and it extends to the closely adjacent parts of the Northern
Territory (Figure 1). Its most common name is boab, but it had also other
names, such as Australian baobab, boabab and baob [4, 31-33].

The Kimberley is the northernmost of the nine regions of the Western
Australia state. It has a surface of 424,517 km? and a population of only
34,800 inhabitants. The population is concentrated in the major towns with
Aboriginal settlements and scattered homesteads. Around 40% of the population
is of Aboriginal descent. According to scientific studies and archaeologial
discoveries, the Aboriginal occupation of the region began 60,000 years ago
[32, 34]. The boab is a prominent symbol in Aboriginal culture, spirituality and
history. The stems of many specimens have inscriptions and drawings made
by them. Such tree markings are also known as “dendroglyphs” [35].
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Western Australia I Northern Territory

Figure 1. Geographic distribution of the Australian boab (green).

The boabs are concentrated along seasonal waterways and floodplains,
suggesting that the presence of groundwater could be important for the species’
distribution [32, 33]. Boabs are typically shorter than other Adansonia species,
with heights between 5-12 m. The bottle-shaped trunks have girth values of
5-10 m for mature individuals. Exceptional specimens can reach heights close
to 20 m and circumferences of up to 20 m [32, 33]. The boabs exhibit a very
high morphologic variety, which shows that A. gregorii is a younger species
with a high phenotypic plasticity [32, 36].

There are two gaps in the boab distribution, out of which the plateau gap
is the most important, with a length of over 400 km along the Great Northern
Highway. The existence of the plateau gap must be associated with two facts:
i) the vast majority of boabs are young and very young (probably up to 100-150
yr); ii) the number of old boabs (with ages over 500-600 yr) is very low (probably
up to a dozen individuals) for a species with a lifespan of over 1,000 yr [33, 37].

There was probably a critical period for boabs during the Little Ice
Age (ca. 1500-1850), which reached a maximum around 1700. In the Northern
Hemisphere, the Little Ice Age (LIA) was cold and wet. Acccording to climate
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research on baobabs of southern Africa, the LIA was cold and dry, in some
areas and wetter in others [21]. The climate of western Australia during the
LIA likely saw periods of increased rainfall, particularly in the southern part of
the region. Evidence from flood deposits and other climate proxies indicates that
while northern Australia experienced drier conditions, the south became wetter
during this period. These wetter conditions are recorded in various hydrological
studies, including extreme floods during the 1400-1850 period [38].

It is possible that the majority of old boabs have died during the LIA
and many mature specimens stopped growing. It was a severe decline of the
species across its entire distribution range and the boabs disappeared from
the areas with the most severe climate conditions, such as the Kimberley
plateau, by producing the gap.

According to the IUCN Red List of Threatened Species, Adansonia
gregorii is listed as Least Concern, with a stable population [39].

In the case of African and Malagasy baobabs, we collected wood
samples with long increment borers (from 0.60 to1.50 m), out of which we
extracted tiny segments, each 5 x10-3 m long with a weight of 5 x 10 kg, for
AMS radiocarbon dating. For boabs, we extracted for dating punctiform wood
samples of the size of a grain of sand. This new methodology is described in
the Experimental section.

Here we present the AMS radiocarbon dating results and the
investigation of the historic Derby Boab Tree.

RESULTS AND DISCUSSION

The Derby Boab Tree and its area. Derby is a town in the Kimberley
region of Western Australia. It was founded in 1883, when the new pastoral
industry required a port from which to ship the wool. Derby has the highest
tides in Australia, with a difference of 11.8 m between high and low tide. The
population is 3,300, out of which over 40% are of Aboriginal descent. Derby
is characterized by a hot semi-arid climate (BSh in Képpen classification),
with a short wet season lasting from late December to March. The area in
which the baobab grows has a mean annual temperature of 27°C and its
mean yearly rainfall is 622 mm [34].

The Derby Boab Tree, which resembles a barrel in shape, grows on
the outskirts of Derby, 6 km south of the town, at the end of a 0.5 km deviation
towards east. The trunk is completely furrowed with deep signs and inscriptions
carved by locals and tourists.

The indigenous people considered the Derby Boab Tree as a significant
landmark before European settlement, calling it Kunumud,.
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The first photograph of the Derby Boab Tree dates back to 1916 and
was captioned on glass plate by Herbert Basedow (Figure 2).

'~
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Figure 2. The first photograph of the Derby Boab Tree
taken by Basedow in 1916.

The GPS coordinates of the Derby Boab Tree are 17°21.043’ S,
123°43.191’ E and the altitude of its location is 29 m. The height of the boab
is 8.20 m (above the cavity level). The measured circumference revealed a
value of 13.79 m at breast height (cbh, i.e. at 1.30 m above mean ground
level), while at 2.03 m above ground it reached 14.40 m (Figure 3).
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Figure 3. General view of the Derby Boab Tree as taken from the east.

The boab has a closed ring-shaped structure, with a ring of 3 perfectly
fused stems around a false cavity which was never filled with wood.

The false inner cavity reaches a height of 3.90 m, with its base at
0.77 m under the ground level (Figure 4). The interior of the cavity has the
following dimensions: 1.51 (WE) x 2.29 m (NS) (at the base: ground level
— 0.77 m); 2.50 (WE) x 2.69 m (NS) (at the cavity door level: ground level
+0.10 m); 2.98 (WE) x 3.76 m (NS) (ground level + 2.20 m). The cavity door
has a height of 1.60 m and a maximum width of 0.47 m. The side walls of
the cavity door measure 0.45 m (to the left of the entrance) and 0.40 m
(to the right of the entrance). The thickness of the trunk bark is between
0.05-0.15 m.
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Figure 4. The image shows the base of the false cavity of Derby Boab Tree.

The canopy has several large branches, and its horizontal dimensions
are 14.4 (NS) x 14.8 (WE) m. The overall volume of the tree is 60 m? (trunk
and branches, including the false cavity).

The trunk and also the primary branches, which show tears and
gaps, appear to be very old. However, according to the photos, the boab has
not changed its appearance over the last hundred years.

The Derby Boab Tree is also frequently named Derby Prison Tree,
Boab Prison Tree or Derby Boab Prison Tree. These names are associated
with the Prison tree myth and with the conceptual framework of Dark Tourism.
The Derby Boab Tree is a major attraction for tourists, who visit it each year
by the thousands. It is presented as a major historic site, where Aboriginal
prisoners, chained by the neck, were temporarily incarcerated in its hollow
trunk by colonial police en route to the townships [34].
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Officially signposted as a prison tree, the site of the Derby Boab Tree
has undergone several upgrades over the years, becoming a major Kimberley
tourism attraction. The concept of Dark Tourism is applied to tourism sites
associated with death, crime and destruction, including ‘dark dungeons’,
such as former courthouses or prisons.

New research by the academics Elisabeth Grant and Kristyn Harman,
which were published in 2017 challenges the claim that the Derby Boab Tree
once served as a temporary prison for Aboriginal captives. The authors contend
that there is insufficient evidence to support the notion that the tree was ever
used as a prison. They suggest that the belief in its use as an overnight holding
cell for Aboriginal prisoners during the colonial 1890s stems from misinformation
and that the rise of dark tourism has fueled this growing myth [34]

However, the site was listed as protected in 1999 under the Aboriginal
Heritage Act of 1972. A fence and sign were erected around the tree to protect
it from excessive human traffic, carvings and compacting of surrounding soll
by vehicles. However, many tourists are still posing within the perimeter sign
and inside the cavity [34].

Wood samples. Six punctiform wood samples of the size of a grain of
sand, weighing each around 106 kg (0.001 g), were collected from the right
side wall of the cavity door at a height of 1.35 m. At this height, the width of
the right side wall of the cavity door (inside bark) is 0.40 m. The samples are
labelled from 1 to 6.

AMS results and calibrated ages. Radiocarbon dates of the six punctiform
samples are listed in Table 1. The radiocarbon dates are expressed in *C yr BP
(radiocarbon years before present, i.e., before the reference year 1950).
Radiocarbon dates and errors were rounded to the nearest year.

Calibrated (cal) ages, expressed in calendar years CE (CE, i.e., common
era), are also displayed in Table 1. The 10 probability distribution (68.3%) was
selected to derive calibrated age ranges. For one sample (DBT-2), the 10
distribution corresponds to one range of calendar years. Instead, for two samples
(DBT-4, DBT-5) the 10 distribution corresponds to two ranges, for three samples
(DBT-1, DBT-6) it is consistent with three ranges, while for one sample (DBT-3)
it corresponds to four ranges. In these cases, the confidence interval of one
range is considerably greater than that of the others; therefore, it was selected
as the cal CE range of the sample for the purpose of this discussion.

For obtaining single calendar age values of samples, we derived a mean
calendar age of each sample, called assigned year, from the selected range
(marked in bold). Sample ages represent the difference between the year
2024 CE and the assigned year, with the corresponding error. Sample ages
and errors were rounded to the nearest 5 yr.
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This approach for selecting calibrated age ranges and single values
for sample ages was used in all our previous articles on AMS radiocarbon
dating of large and old angiosperm trees.

Dating results of punctiform samples. As mentioned, the tri-stemmed
Derby Boab Tree exhibits a closed ring-shaped structure, that consists of
a ring of three perfectly fused stems disposed around a false cavity. This
false cavity represents an empty space that was never filled with wood and
is covered by bark. Over time, stem growth determines the false cavities to
become progressively smaller. Even more, false cavities may close completely
or incompletely, by maintaining a small opening/door. In such cases, the age
sequence of samples extracted from the cavity walls shows a continuous
increase up to a certain depth into the wood, after which it decreases toward
the exterior. Research revealed that the oldest part of the fused stems is
found between the false cavity walls and the outer part (exterior) of each
stem, being always closer to the cavity than the exterior [10].

Table 1. AMS Radiocarbon dating results and calibrated ages of punctiform
samples collected from the Derby Boab Tree

Distance .
Sample| from cavity wall / | Radiocarbon Cal CE range Assigned | Sample
. 1o year age
code from exterior date [error] .
[height] (*C yr BP) [confidence [error] [error]
(m) interval] (cal CE) | (cal CE)
1672-1685 [13.5%]
DBT-1 00[1 ggjsg 210 [+ 18] 1732-1782 [46.9%] [172757] [f‘;‘z]
’ 1797-1805 [7.9%)] - -
DBT-2 0.08/0.32 o 1468 555
[1.35] 445 [+ 20] 1450-1486 [68.3%] [+ 18] [+ 20]
690-704 [10.2%]
- _ [¢)
DBT-3 0.17/0.23 1285 [+ 21] 718-737 [12.7%] 837 1185
[1.35] 787-797 [5.9%] [+ 18] [+ 20]
819-855 [39.6%]
DBT-4 0.24/0.16 930 [+ 18] 1153-1188 [56.8%] 1170 855
[1.35] B 1197-1209 [11.5%] [£17] [+ 15]
0.32/0.08 1510-1584 [63.8%] 1757 265
DBT-5 [1.35] 362 [+ 17] 1625-1628 [4.5%)] [+ 37] [+ 35]
1698-1723 [16.6%]
DBT-6 03{? ggim 151 [+ 19] 1834-1891 [35.3%] [18;3:] [: g%]
) 1924-... [16.4%)] - -
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The oldest investigated punctiform sample DBT-3 originated from a
depth of 0.17 m from the cavity walls and 0.23 m from the exterior. Its
radiocarbon date of 1285 + 21 BP corresponds to a calibrated age of 1185 %
20 calendar yr.

The two youngest samples, DBT-1 and DBT-6, were extracted from
wood layers adjacent to the false cavity (DBT-1) and to the external bark
(DBT-6). Their radiocarbon dates of 210 £ 18 BP and 151 + 19 BP correspond
to calibrated ages of 245 + 25 and 160 + 30 calendar yr. These values
demonstrate that the stem which corresponds to the right side of the cavity
door stopped growing around 245 yr ago from the false cavity and 160 yr ago
toward the exterior, due to old age.

The other three punctiform samples, DBT-2, DBT-4 and DBT-5, have
intermediary radiocarbon dates and calibrated ages between the oldest sample
DBT-3 and the youngest samples DBT-1 and DBT-6.

Age of the Derby Boab Tree. The age of the stem corresponding to
the right side of the cavity door was determined by extrapolating the age of
the oldest punctiform sample DBT-3 to the point of maximum age at sampling
height. The oldest dated sample DBT-3 had a calibrated age of 1185 + 20
calendar yr, and it was extracted from a depth of 0.17 m into the cavity walls,
at 0.23 m from the corresponding exterior of the tree. This point, must also
be very close to the point of maximum age. We consider that the stem is
between 1200 -1300 old, i.e. its age is of 1250 + 50 years.

According to our research, for baobabs with a closed ring-shaped
structure and a quasi-spherical or cylindrical trunk, the stems that build the
ring have close or identical ages. Thus, the age of the investigated stem can
also be considered as the age of the Derby Boab Tree.

CONCLUSIONS

The study reports the AMS radiocarbon investigation results of the
historic Derby Boab Tree from Derby, Kimberley, Australia. The tree is usually
presented as a prison tree, were chained Aboriginal prisoners were
temporarily incarcerated in its hollow trunk by colonial police. However,
according to recent research, there is no evidence to support the myth that
the Derby boab was ever used as a prison tree. The boab has a closed ring-
shaped structure that comprises three perfectly fused stems around an empty
space called false cavity, a common feature among very large individuals of
the Adansonia genus. Six punctiform samples were collected from the cavity
door, by using a novel methodology. The oldest dated punctiform sample had
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a radiocarbon date of 1285 + 21 BP, which corresponds to a calibrated age
of 1185 * 20 calendar years. This result shows that the Derby Boab Tree is
1250 £ 50 years old. It can be stated that the Derby Boab Tree started growing
around 775 CE.

EXPERIMENTAL SECTION

Sample collection. The punctiform wood samples were extracted in a
non-invasive manner from predetermined positions with a stainless steel pair
of tweezers. The extracted punctiform sample was introduced in a small conical
aluminium tube for preventing contamination. Next, the punctiform sample
was pretreated and investigated by AMS. The AMS, which counts directly
C-14 atoms, needs less than 10-kg (0.001 g) wood for an accurate dating.

Sample preparation. The modified a-cellulose extraction method was
used for removing soluble and mobile organic components [40]. The pretreated
samples were combusted to CO; by using the closed tube combustion method
[41]. Next, CO2 was reduced to graphite on iron catalyst [42]. Eventually, the
resulting graphite samples were investigated by AMS.

AMS measurements. AMS radiocarbon measurements were performed
at the NOSAMS Facility of the Woods Hole Oceanographic Institution (\WWoods
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 8'3C value of -25%9, were converted to a radiocarbon date.

Calibration. Radiocarbon dates were calibrated and converted into
calendar ages with the OxCal v4.4 for Windows [43], by using the SHCal20
atmospheric data set [44].
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ABSTRACT. The anaerobic digestion of animal manure is a promising
treatment solution allowing its partial conversion to energy, in the form of
biogas. Anaerobic digestion technology is thus considered not only as a way
to solve environmental problems, but also as a potential source of energy,
while also contributing to solving economic and social problems.

This research investigates the potential of poultry, cattle and pig wastes
for biogas production through the anaerobic digestion process. A number of
15 recipes had been prepared and studied, each consisting of a mixture of
organic materials with a concentration of 10% total solids (animal waste,
vegetable waste, food waste), in different proportions. The raw material mixtures
(representing the substrates) respected a C/N ratio between 15 and 25. The
substrate composition influence on the production of biogas was investigated.
Different types of animal manure have been found to produce varying rates of
biogas, with certain types yielding higher or more stable levels. In this installation,
efficient biogas production was observed after seven days of anaerobic digestion,
with the most effective mixtures being those with a higher proportion of grass.

Keywords: animal waste, organic waste, anaerobic digestion, biogas, agro-food
byproducts.
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INTRODUCTION

Biogas can be generated in many ways, using different materials as
substrates: plants, trees, grass, seeds, fruit and vegetable solid wastes, animal
farm manure, algae, sludge, sewage, agri-food wastes and even urban solid
organic materials (household wastes) [1, 2]. Table 1 presents typical examples
of raw materials used in anaerobic digestion (AD) processes.

Table 1. Raw materials used in the anaerobic digestion process [3]

Waste Types of waste
Agricultural waste and crop residues|Straws, green grass, potatoes, etc
Animal manure Cattle, pig, and poultry manure

The AD process (anaerobic fermentation) is one of the most suitable
for organic materials (wastes) valorization. It consist in a sequence of biological
processes, in which the biodegradable part of the substrate is broken down into
simple products, in the presence of bacteria. Overall, the process follows four
slightly distinct steps of fermentation: hydrolysis, acidogenesis, acetogenesis
and methanogenesis, occurring simultaneously in an oxygen free medium
(Figure 1A). Each stage is well defined by specific chemical reactions (Figure
1B).

The final product is biogas (a mixture of gases, mainly methane and
carbon dioxide) and digestate as byproduct (or sludge, as can be seen in
Figure 1A). The amount of biogas that can be theoretically obtained from
different substrates can be estimated using Buswell approximate equation
taking elementary composition into account [4]:

CHLON, S+ yH,0 - xCH, + (¢ —x)CO; +nNH;3 + s HZS’
where

x=0.125(4c+h—-20-3n+25s)
y=0.250(4c—h—-20+3n+2s)

or, simplified

CHLO, — (c/2+ h/8 — 0/4)CH,

For instance, carbohydrate is represented by CeH1.0s, fat by
C16H3202, and protein by CeH1002 characterizing formulas.
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Acetogenesis (1)

v v v Acidogenesis (11)

. -

’ Metanogenesis (IV) |

AD Phase Associated Chemical Reactions B

Hydrolysis CgH1904 + 2H20 — CgH120g + 2H2

CgH120g «» 2CH3CH20H + 2C0O»

CgH170g + 2Hy «» 2CH3CH,COOH + 2H50

Acidogenesis CgH120g — 3CH3COOH |
C3H7O5N + 2H70 — CoH 05 + NH3 + CO5 + 2H5 + ATP
C4qHgO3N + H0O — C3HgO5 + NH3 + CO5 + Hy + ATP
4CH3COCOO™ + 4H70 —» BCH3COO™ + 2HCO5™ + 3H*

CH3CH>COO™ + 3H50 «» CH3C00™ + H™ + HCO3™ + 3H>

Acetogenesis CgH120g + 2H50 «» 2CH3COOH + 2C05 + 4H5

CH3CH,0H + 2H50 «» CH3CO0™ + 2Hy + H-

CH3COOH — CHg + CO;

Methanogenesis CQO3 + 4Hy — CHy + 2H50

2CH3CHyOH + CO; > CHyg + 2CH3COOH

Figure 1. A) Pathways for biomass conversion into biogas; B) Chemical
reactions in anaerobic digestion (AD) phases [5]
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Organic wastes are rich in carbohydrates, proteins and fats, which
are important energy sources and generate considerable amounts of
methane in biogas [6], as can be seen in Figure 1A.

Animal manure, in particular, is suitable for anaerobic digestion for
several reasons: it has a high-water content, which facilitates the dilution of
concentrated by-products and simplifies the pumping process; it has a high
buffering capacity, essential to prevent sudden fluctuations in the pH value;
and contain a wide range of nutrients necessary for the development of
microorganisms [7]. Poultry manure however, has a low availability of
nutrients, which makes regular supplementation with carbon sources
necessary to ensure a stable and efficient anaerobic digestion process and
therefore the exclusive use of poultry manure is not recommended, because
the anaerobic fermentation process will be slow and will not produce a high
yield of biogas [8]. However, this disadvantage can be compensated by co-
digestion with other raw materials.

In this work was chosen to explore complex substrate compositions,
including poultry, cattle, and pig waste, given the limited number of studies
addressing the use of various animal wastes in a single digester. Thus, the
main objective of the research is the development of an optimal mixture of
animal manure and agro-food by-products to obtain high yield biogas
conversions. Higher biogas production minimizes methane emissions into
the atmosphere and contributes to a net reduction in greenhouse gas
emissions [1,9].

The process of obtaining biogas through anaerobic digestion is a
focus of research and is considered the best solution for managing animal
waste, transforming organic waste into green energy and organic fertilizer for
agriculture.

Since the topic of obtaining biogas is very current, | noticed that in the
specialized literature only mixtures of organic matter with animal wastes that
come from a single category of animals are presented, which is why | chose
to study some waste mixtures that to lead to higher biogas yields than in the
specialized literature, using both poultry manure, cattle manure, and pig
manure in the same digester.

RESULTS AND DISCUSSION

As shown before, the complex process of AD is typically described as
comprising four main stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Initially, lipids, carbohydrates, and proteins are broken
down by fermentative bacteria into smaller components and soluble organic

162



VALUATION OF THE ENERGY POTENTIAL OF AGROZOOTEHNIC WASTE

substrates, such as fatty acids, glucose, and amino acids. This step is often the
rate-limiting factor in the AD of solid organic wastes, and various pre-treatment
methods, including mechanical grinding, ultrasound, microwave, thermal,
chemical, and biological treatments, have been proposed to enhance hydrolysis.
In the second stage, the intermediate compounds are converted into volatile
fatty acids (VFAs) like acetate, propionate, and butyrate, along with by-products
such as NHs;, CO,, and HzS. In the next stages, VFAs are further digested
into acetate, Hy, and CO-, which serve as precursors for the production of CH4
and COz by methanogens [10].

The 15 experiments that were conducted had as a substrates complex
mixture of organic materials with a concentration of 10% solids (animal waste,
vegetable waste, food waste) based on the same materials, but in different
proportions to see how the composition influences the production of biogas.

In order for the distribution of anaerobic bacteria to be uniform throughout
the substrate, and to achieve the anaerobic co-digestion process, we combined
several substrates with 40 g of the inoculum and then we introduced them
into the fermentation reactors, having a useful volume of 400 g, as can be
seen in Table 2.

The raw material mixtures respected a C/N ratio between 15 and 25.

The reactor uses the technique of continuous stirring in the fermentation
process in order to maintain a constant and uniform movement of the mixture
of substances. Thus, the uniform distribution of nutrients, or other essential
elements in the fermentation solution is ensured.

In the sample incubation unit, up to 15 test vessels containing small
amounts of a sample with appropriate microbial inoculum were incubated at
the desired temperature in a thermostatic water bath.

In the gas absorption unit, the gas produced in each flask passes through
an individual vessel containing a solution that can absorb certain fractions of
the gas, undesired in biogas. In this case the produced gas was directed through
an alkaline solution. Several gas fractions were retained through chemical
interaction with the solution: when the alkaline solution like NaOH here is used,
acidic fractions like CO; and H.S are retained. Only CH4 (and remaining traces
such as Hy) will then proceed to the gas monitoring unit. A pH indicator was
added to each vessel to monitor the acid-binding capacity of the solution.

In the gas volume measurement device, the volume of gas released
from the incubation unit or from the gas absorption unit was measured using
a wet gas flow meter with a multi-cell arrangement (15 cells). This measurement
device operates on the principle of liquid displacement and buoyancy, and it
can monitor ultra-low gas flow rates. A digital pulse is generated when a defined
volume of gas flows through the device (2 ml or 9 ml, depending on the chosen
resolution). An integrated data acquisition system is used to record, display,
and analyze the results [11].
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Table 2. Experiment Composting with Green Grass, Potatoes, and Wheat Straw

Raw material (g)

Exp.
P Grass | Potatoes | Straw | Pig Cattle | Poultry |Inoculum | Total

EXP1 | 2000 | 2000 | 0.00 |70.39 | 2353 | 5379 | 212.29 | 400.00

EXP2 | 4000 | 1000 | 0.00 |70.39 | 2353 | 5379 | 202.29 | 400.00

EXP3 | 50.00 20.00 0.00 | 70.39 | 23.53 53.79 182.29 | 400.00

EXP4 | 6000 | 1000 | 0.00 |16.00 | 1714 | 12.63 | 284.23 | 400.00

EXP5 | 70.00 10.00 0.00 | 12.00 | 17.14 12.63 278.23 | 400.00

EXP6 | 6000 | 2000 | 0.00 [12.00| 1714 | 1263 | 278.23 | 400.00

EXP7 | 5000 | 3000 | 0.00 [1200| 1714 | 1263 | 278.23 | 400.00

EXP8 | 4000 | 4000 | 0.00 |12.00| 1714 | 1263 | 278.23 | 400.00

EXP9 | 4500 35.00 0.00 | 12.00 | 17.14 12.63 278.23 | 400.00

EXP10 | 4500 | 2500 | 4000 |12.00| 17.14 | 1263 | 278.23 | 400.00

EXP 11 | 20.00 10.00 10.00 | 70.39 | 23.53 53.79 212.29 | 400.00

EXP 12 | 50.00 10.00 10.00 | 16.00 17.14 12.63 284.23 | 400.00

EXP 13 | 60.00 10.00 10.00 | 12.00 17.14 12.63 278.23 | 400.00

EXP 14 | 30.00 30.00 20.00 | 12.00 | 17.14 12.63 278.23 | 400.00

EXP 15 | 50.00 0.00 20.00 | 12.00 | 17.14 12.63 288.23 | 400.00

Day 1
250 230.2
192.8 190.9195.8
__ 200 179.6
&
] 152.4 1391
£ 150 1283 131.6 ‘ 125.4 129.6
=
— 938.1
2 100
E 65.3
[=]
50
4.9
0
7 8 9 10 11 12 13 14 15
Mixtures

Figure 2. Results of biogas experiments generated using a mixture of pig manure,
poultry manure, cattle manure, green grass, potatoes and straw, Volume [Nml] — Day 1
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On the first day of anaerobic digestion, experiment no. 14 generated
the largest volume of biogas, which had as raw material: green grass 30 g,
potatoes 30 g, straw 20 g, pig manure 12 g, cattle manure 17.14 g and poultry
manure 12.63 g.

Day 5

500 1381
= 400
[
= 30572277
£ 300 27873621
=
2 200 1483 165.5169.4
3
2 100 I

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Mixtures

Figure 3. Results of biogas experiments generated using a mixture of pig manure,
poultry manure, cattle manure, green grass, potatoes and straw, Volume [NmL] — Day 5

A low rate of biogas production was observed after the fifth day of
anaerobic digestion, indicating that the anaerobic digestion was largely complete
after this period. The maximum level of biogas was obtained after 5 days of
anaerobic digestion.

Experiment no. 1

e 316.7 316.8
294.8 302.9 305.7 308.5

300 262.1
250
192.8
200
| I
0
1 2 3 4 5 6 7 8

Day

Volume [Nml]
=
g8 g

v
o

Figure 4. Results of experiment no. 1 biogas generated, using a mixture of pig
manure 70.39 g, poultry manure 53.79 g, cattle manure 23.53 g,
green grass 20 g, potatoes 20 g, Volume [Nml]
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Starting with the sixth day of biogas production, the laboratory experiment
recorded a decrease in the volume of biogas generated.

The highest volume of biogas generated was recorded in experiment
no. 1 which consisted of a mixture of green grass 20 g, potatoes 20 g, pig
manure 70.39 g, cattle manure 23.53 g, poultry manure 53.79 g, inoculum
212.29 g, followed by experiment no. 2 which it consisted of a mixture of
green grass 40 g, potatoes 10 g, pig manure 70.39 g, cattle manure 23.53 g,
poultry manure 53.79 g and inoculum 202.29 g.

Experiment no. 2

v 302.2 3156 327.7 3325

300 258.1

200 163

100

Volume [Nml]

Day

Figure 5. Results of experiment no. 2 biogas generated, using a mixture of pig
manure 70.39 g, poultry manure 53.79 g, cattle manure 23.53 g,
green grass 40 g, potatoes 10 g, Volume [Nml]

The level of biogas generated recorded the highest flow on the first
day of anaerobic digestion, then started to decrease in the following days.

The highest flow of biogas generated by experiment no. 1 consisted
of a mixture of green grass 20 g, potatoes 20 g, pig manure 70.39 g, cattle
manure 23.53 g, poultry manure 53.79 g, inoculum 212.29 g was recorded
on the first day, having the value of 192.75 m3/day for the substrate with
green grass and potatoes.

The observation that mixtures containing green grass generated a
higher volume of biogas than those also containing wheat straw may be the
result of differences in the chemical composition and degradation characteristics
of these materials. Green grass may have a higher content of fermentable
substances, such as carbohydrates and other water-soluble components, which
are more easily accessible to the microorganisms involved in the anaerobic
digestion process. This can lead to more efficient decomposition and higher biogas
production. In contrast, wheat straw contains higher amounts of components that
are more resistant to degradation. These components, such as lignin [12], may
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require more extensive degradation conditions or more intense microbial
activity to be fully broken down, which could explain the lower volume of biogas
generated in mixtures containing wheat straw. Wheat straw is a suitable
substrate for biogas production, although its lignin content slows down the
degradation process. Song and Zhang [13], in a study in 2015, investigated the
monodigestion and codigestion of wheat straw, which they pretreated with four
concentrations of H202 (1%, 2%, 3%, and 4%) before digesting it with cattle
manure. They recorded a higher methane yield when the wheat straw was
treated with H>O; and codigested with cattle manure, while the codigestion of
untreated wheat straw resulted in a lower yield.

The low biogas production may be due to a lack of water. Sadaka and
Engler [14] reported that the solid and water content are key parameters in
biogas production, directly influencing anaerobic digestion. Water facilitates
bacterial movement and growth, aids in nutrient transport, and reduces mass
transfer limitations.

Experiment no. 1
250

200 192.75
150

100
69.32

Flow [Nml/day]

50 32.76

Figure 6. Biogas flow rate generated by experiment no. 1, using a mixture of pig manure
70.39 g, poultry manure 53.79 g, cattle manure 23.53 g, green grass 20 g,
potatoes 20 g, Flow [Nml/day]

Figure 7 includes a centralized presentation of the experiments:

- Experiment no. 3 which consisted of a mixture of green grass 50 g,
potatoes 20 g, pig manure 70.39 g, cattle manure 23.53 g, poultry
manure 53.79 g, inoculum 182.29 g recorded the highest flow of
biogas generated with the value of 392.21 m3/day.
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- The mixture that generated biogas for 6 days is mixture no. 3 which
it consisted of a mixture of green grass 50 g, potatoes 20 g, pig
manure 70.39 g, cattle manure 23.53 g, poultry manure 53.79 g and
inoculum 182.29 g.

- The best yields were given by the experiments that had in their
composition both green grass and animal droppings.

450

400 Experiments Results
= 350
S 300 a\
2 Day 1
E 250
= 200 Day 2
E 150 Day 3
o 100 .
50 ay4
O _— 1 . 1 . (] I .DE\«"S
1 2 3 4 5 6 7 & 9 10 11 12 13 14 15
Day 6
Mixtures
W Day7
W Day 8

Figure 7. Experimental results using a mixture of pig manure, poultry manure,
cattle manure, green grass, potatoes and straw, Flow [Nml/day]

CONCLUSIONS

The aim of the research was to develop an optimal mixture of animal
manure and agro-food by-products in order to obtain high yields of biogas.

The experimental research consisted in the preparation and testing
of 15 mixture recipes in which we used droppings from poultry, pig and cattle
farms located in Teleorman county. We kept the animal manure samples at
a temperature of (- 4) °C, in a closed container, protected from light. To speed
up the anaerobic digestion process, we used wastewater as inoculum,
collected from a sewage treatment plant located in Teleorman county.

The experiments were carried out using the Gas Endeavor biogas
plant with a small capacity (15 glass reactors of 500 ml) and a constant
temperature of 37°C.

Each set of experiments was carried out in four phases that included
the collection and preparation of samples, the calculation of recipes, the
preparation and commissioning of the installation and the collection and
analysis of experimental data.
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The installation has registered an efficient production of biogas since
the first days, while the maximum level being recorded after 5 days of
anaerobic digestion, the optimal mixtures being those that have a greater
amount of green grass in their composition.

These differences between mixtures containing green grass and
those containing wheat straw highlight the importance of biomass composition
and characteristics in the biogas production process. The detailed analysis
and understanding of these differences can provide valuable information for
optimizing the composition of the mixtures used in biogas production and for
increasing the efficiency of the process.

EXPERIMENTAL SECTION

The experiments were carried out using the Gas Endeavor biogas plant
with a small capacity (15 reactors of 500 ml) and a constant temperature of
37°C.

The experiments were carried out in four phases:

Sample preparation phase: it consisted in the collection of samples
from the site and the characterization of the organic substance by determining
the content of dry substance and volatile substance. The samples were
collected in the morning, to keep the biological characteristics intact and not
to contaminate the samples.

The recipe calculation method was made taking into account that the
C/N ratio should be between 15 and 25 and that the mixture should have
solids content of 10%.

Preparation and commissioning of the installation Gas Endeavour
consisted in the preparation and loading of the 15 glass reactors with substrate,
according to the previously calculated mixture recipes.

After completing these phases, the installation is ready to be put into
operation, and the reactors will be connected to the biogas treatment module,
where the CO; retention takes place. The monitoring and control of the installation
was done with the help of a laptop, which recorded and processed the data.

Recording of experimental data was carried out over a period of 8
days, during which the installation worked continuously. The installation
calculated the value of the biogas production potential for each experiment.

The experiments were carefully monitored to maintain the best conditions
for the development of anaerobic bacteria in the fermentation reactor: an
optimal temperature, pH, continuous supply of substrate.
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BIOSORPTION OF Cu (Il) IONS

USING RESIDUAL TOMATO POMACE BIOMASS.

A STUDY OF ISOTHERMS AND KINETICS

Cerasella INDOLEAN=*", Silvia BURCA®

ABSTRACT. This work investigates the possible usage of tomato pomace
biomass (TPB) as support for metabolic quantities of copper. Thus, biosorption
potential of natural and biodegradable matrix formed from tomato residue,
in suspension form was explored. The effect of biomass quantity, Cu(ll)
concentration and temperature were assessed.

Analysis of Fourier-transform infrared (FTIR) spectrum, scanning electron
microscopy (SEM) images and elemental analysis suggested that the
organic functional groups take part in the Cu (ll) biosorption process, and
some surface modifications and appearance of cavities onto the TPB surface
were observed after biosorption.

Experimental data were analysed in terms of pseudo-first order, pseudo-
second order, intraparticle diffusion and external diffusion kinetic models.
The results showed that the biosorption process of Cu(ll) ions followed well
pseudo-second order kinetics. The biosorption data of Cu(ll) ions at 295 K
are fitted to Langmuir, Freundlich, Dubinin—Radushkevich (D—R) and Temkin
isotherms. Biosorption of Cu(ll) onto TPB followed the Freundlich isotherm
model (R? =0.93) with the maximum biosorption capacity of 2.05 mg/g. In
conclusion, TPB showed appropriate adsorption capacity, 0.5 g of this biomaterial,
as powder, containing Cu(ll), could be used as a dietary supplement in order
to supply the daily copper demand of the organism.
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INTRODUCTION

As one of the most popular vegetables in the world, tomatoes
(Lycopersicon esculentum) are rich in lycopene, phenolics, organic acids,
vitamins and many other beneficial components [1,2]. As is known, the
tomatoes can be served as fresh vegetables or, as some processed
products, such as paste, juice, sauce, puree and ketchup. In industry,
processed tomatoes generate about 10-40% of by-products containing peel,
seeds, as well as a small amount of pulp, known as tomato pomace, which
is widely known as a rich source of 3-carotene and lycopene [3]. Utilization
of tomato pomace has been limited. Most studies have involved organic
extraction of antioxidants from tomato peels, as over 50% antioxidants in
tomato are in peels and seeds, and tomato peels have three times more
lycopene, one of the major tomato antioxidants than whole tomato [4].

Every year, the alimentary industry generates significant amounts
of tomato residues, in many cases considered as wastes, responsible of
disposal problems and environmental pollution. In fact, the accumulation of
these residues, predominantly in the warm periods, promotes uncontrolled
anaerobic fermentations leading to environmental problems [5].

Copper, Cu (Il), is an essential trace element in both humans and
animals, required as a cofactor and/or structural component of numerous
metalloenzymes. It uses copper to form red blood cells, bone and connective
tissue. Copper is also involved in the processing of cholesterols, the proper
functioning of your immune system and the growth and development of
babies in the womb. [6]

The body of a healthy adult contains approximately 80-100 mg of
copper, accumulated mainly in the bones, liver, and muscles [7].

The World Health Organization (WHO) and the Food and Agriculture
Administration (FAA) suggest that the average daily intake of copper for a
healthy adult should not exceed 0.9 mg/day, while during pregnancy it should
be 1.0 mg/day and 1.3 mg/day during breastfeeding for women [6]. The food
sources of copper include meat, crustaceans, nuts, wholemeal foods, and
dried fruit. Around 50% of copper is absorbed in the stomach, duodenum, and
the initial parts of the small intestine, and the remaining amount is excreted
in faeces [7,8].

For this reason, the aim of this research is to purpose obtaining a
functional food based on Cu(ll), in metabolic quantity, biosorbed onto a tomato
biomass waste matrix, rich in antioxidants, cheap and available from local
alimentary industry.

The variables operation effect such as initial copper ion concentration,
adsorbent dose, contact time and stirring rate were investigated.
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RESULTS AND DISCUSSION

I. Biosorbent characterization
1.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using JASCO 615 FTIR spectrometer.
The sample of dried biosorbents was grinded sufficiently with KBr by pallet
method. The spectra were recorded in the range of 500-4000 cm™' and
resolution 2 cm™.

In Figure 1 are depicted the spectra of TPB before and after Cu(ll)
adsorption. The broad absorption peak at around 3255.2 cm™' corresponds
to the O—H stretching vibrations due to inter- and intra-molecular hydrogen
bonding of polymeric compounds (macromolecular associations), such as
alcohols, phenols and carboxylic acids, as in pectin, cellulose and lignin,
thus, showing the presence of hydroxyl groups on the adsorbent surface [8].
After Cu(ll) biosorption this band was shifted at 3261 cm-", fact which supports
the Cu(ll) presence onto TPB surface. The sharp bands at 2915.8 cm™" and
2850 cm™ can be attributed to the aliphatic saturated C-H stretching vibrations
of the lignin, cellulose and hemicellulose polysaccharides. The presence of
the peak at 1619.9 cm™" indicates the carbonyl (C=0) stretching vibration of
the carboxyl groups of pectin, hemicellulose and lignin, peak that was shifted
at 1706.6 cm™" after Cu (Il) biosorption, fact that confirm the presence of the
metal in the biomass structure [8,9]. The other prominent band is due to C=0
(carbonyl) group, at 1022.08 cm-" that was shifted at 1024.01 cm'. Moreover,
in the case of TPB, after Cu(ll) biosorption, a remarkable modification in
positions and amplitude of -OH and C=0 bands was observed, which indicates
that Cu(ll) was linked mostly at these groups, and it can be seen that some
of the characteristic absorption bands of TPB biomass after biosorption were
shifted at higher values than those of TPB before biosorption [10-12].

Peaks in the wavenumber region below 800 cm™' can be attributed to
the presence of bioligands. These spectra indicate that the studied biosorbent
contains a wide variety of functional groups such as hydroxyl, carboxyl,
amides, ethers, ketones, and esters that play important role for Cu (Il) binding
through different mechanisms. The changes in FTIR spectra confirm the binding
of Cu with functional groups present in the biosorbent. Similar observations
were also reported by Pandya et al. [13].
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Figure 1. FTIR spectra before Cu (Il) biosorption onto TPB (grey line) and after
biosorption (black line).

1.2. Elemental analysis

Elemental analysis (EA) is, as is well-known, an analytical technique
applied in chemistry to determine the elemental composition of chemical
compounds and their composites.

The composition of the TPB sample was characterised by means of
proximate and ultimate analyses. Elemental (C, H and N) analysis was
performed using a Perkin EImer PE2400 CHNS/O Elemental Analyzer.

The oxygen content was calculated by difference from the data
obtained by the Perkin Elmer PE 2400 CHNS/O Elemental Analyzer machine.

Elemental composition (wt.% on dry basis) for TPB was % C = 45.77,
% H=6.67; % N =3.35, % S =0.14.

The results of elemental analysis reveal that TPB has high carbon
content, which makes it a good precursor material for biosorbents.

1.3. Scanning Electron Microscope (SEM) analysis

Scanning electron microscopy (SEM) images for samples were obtained
with a JEOL (USA) JSM 5510 LV apparatus. Prior to analyse, biosorbent
samples were mounted on a stainless stab with a double stick tape. Then
they were coated with a thin layer of gold under vacuum to improve electron
conductivity and image quality.
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In order to examine the morphological structure of biomass, SEM
micrographs of TBP were taken before and after Cu (Il) biosorption and
presented in Figure 2. SEM micrograph of initial TPB material indicates a
smooth structure of the biomass surface, Figure 2a. After metal loading,
some surface modification and appearance of cavities onto the TPB surface
were observed, Figure 2b.

Figure 2. SEM micrograph (x1000) of (a) TPB before and
(b) after Cu(ll) biosorption.

Il. Biosorption study
I1.1. Effect of Cu(ll) concentration on the biosorption process

Cu(ll) concentration influence was studied using the following biosorption
conditions: 1g TPB, d = 200-400 ym, 296 K, pH = 5.41, 300 rpm, contact time 240
min, with concentrations in 12.5-68 mg Cu(ll)/L range. Time evolution was also
followed for all concentrations used.

Experimental results showed that sorption capacity increases with
increasing concentration of Cu?* ions in aqueous solution, from 0.285 mg/g
when a 12.5 mg Cu?*/L aqueous solution was used up to 1.98 mg/g when a
68 mg Cu?/L aqueous solution was used, Figure 4. But as the initial
concentration increases, sorption process equilibrium was reached more
difficult, after about 125 minutes, by comparison with just 30 minutes for small
concentrations (12.5 — 27.5 mg Cu?*/L), Figure 3. However, for further
experiments was chosen the initial metal concentration to be 68 mg Cu(ll)/L,
because the biosorption efficiency was the highest.

In addition, this value of 1.98 mg Cu?*/L is in the range of the daily
requirement of Cu(ll) for a healthy adult, in an eventual dietary supplement
formulation, requiring about 0.5 g of TPB with Cu (Il) biosorbed [6,14].
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Figure 3. Cu(ll) concentration time evolution for biosorption onto TPB;
1 g TPB, Ci = 68 mg Cu(ll)/L, d = 200-400 um, 296 K, pH = 5.41, 300 rpm.
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Figure 4. Initial concentration influence over equilibrium biosorption capacity (ge)
and biosorption efficiency (E,%) for Cu(ll) biosorption on TPB; 1 g TPB/100 mL,
d = 200-400 pm, 296 K, pH = 5.41, 300 rpm.

1.2. Effect of biomass quantity on the biosorption process

The effect of biomass quantity on Cu (IlI) biosorption was studied
using different quantities of TPB powder, ranging from 1 to 3 g (Figure 5).

The increase in the biomass quantities, from 1 to 3 g, increases
biosorption of Cu(ll) ions onto TPB from 51.34% to 73.67%.

176



BIOSORPTION OF Cu (Il) IONS USING RESIDUAL TOMATO POMACE BIOMASS.
A STUDY OF ISOTHERMS AND KINETICS

73.67
100

51.34 55.97 59.27
h ' ﬁ ' '
0
lg 15¢g 2g 3g
ME (%)

Figure 5. The effect of the TPB quantity on Cu (Il) biosorption over the biosorption
efficiency (E,%); (Ci = 68 mg Cu(ll)/L, d = 200-400 um, 296 K, pH = 5.41, 300 rpm).

More visible changes in the biosorption efficiency can be observed at
quantities between 2 and 3 g. This effect could be explained by the availability
of more adsorption sites on biosorbent surface and by increasing on total
functional groups. Higher biomass quantities improve the biosorption efficiency,
but not significantly, therefore the optimal amount of TPB for biosorption of
Cu(ll) was chosen to be 1 g TPB/100 mL Cu(ll) solution for further experiments.

11.3. Effect of the stirring rate

Biosorption experiments were repeated with varying stirring speeds
from 300 to 700 rpm (rotations per minute). As such, the curve for Cu (ll)
biosorption with respect to time, in terms of biosorption efficiencies, could be
drawn for three different rotation speeds, 300, 500 and 700 rpm (Figure 6).
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Figure 6. Influence of the stirring rate over time evolution of Cu (Il) biosorption onto
TPB (Ci =68mg Cu (II) /L, 296 K, 1g TPB, d = 200-400 um, pH = 5.41, 300 rpm)
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The obtained curves showed that the biosorption process was
intensified with stirring rate up to 500 rpm, but a further increase from 500 to
700 rpm will lead to a less increase, showing that after a certain stirring
speed, the minimization of the thin film layer formed at the TPB surface will
not lead to a further increase in the external diffusion rate.

As can be seen in Figure 7, even if the biosorption efficiency increases
from 45.12 % to 65.21 %, by increasing the rotation speed from 300 rpm to
700 rpm, however, for energy saving reasons, for subsequent experiments
the rotation speed of 300 rpm will be chosen.

61.03 S

45.12

20 I E (%)
106 1.48 1.56
4 - A qe (mg/g)
0
300 rpm 500 rpm 700 rpm

Figure 7. Influence of the stirring rate over the efficiency (E,%) and biosorption
capacity at equilibrium (ge, mg/g) of the Cu (ll) retain onto TPB (Ci =68mg/L,
296 K, d = 200-400 ym, 1g TPB/100 mL, pH = 5.41, 150 min).

lll. Adsorption isotherms

The adsorption isotherms describe the pathway of the interaction of
a substrate from the bulk solution to the surface of adsorbate.

The equilibrium data were analysed using different isotherm models
(Figures 8-11). In this article, four important isotherm models, namely
Langmuir, Freundlich, Temkin and Dubinin—Radushkevich, were selected to
fit the obtained experimental data. Each isotherm is characterized by definite
constants whose values express the surface properties and affinity of the
studied material.

There is a limitation of Langmuir equation because it assumes that
adsorption is monolayer with no attraction between molecules on the surface
of adsorbate.
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Using Langmuir model, the maximum adsorption capacity (qm) was
found to be 2.959 mg g~' (Table1).

Temkin isotherm model takes into account the effects of indirect
adsorbate/adsorbate interactions on the adsorption process; it is also
assumed that the heat of adsorption (AHags) of all molecules in the layer
decreases linearly as a result of increase surface coverage [15]. The Temkin
isotherm equation has been applied to describe adsorption on heterogeneous
surface.

2.5 - O

1/q,
o
<o

0 0.05 0.1 0.15 0.2 0.25
1/C,
Figure 8. Langmuir plot for Cu?* biosorption onto TPB (Ci = 12.5-68 mg Cu?*L,
296 K, pH=5.41, 1 g TPB, d = 200-400 pm, 300 rpm).
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Figure 9. Freundlich plot for Cu?* biosorption onto TPB (Ci = 12.5-68 mg Cu?*/L,
1g TPB, d = 200-400 pum, 296 K, pH=5.41, 300 rpm).
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Figure 10. Temkin plot for Cu?* biosorption onto TPB (Ci = 12.5-68 mg Cu?*/L,
296 K, pH=5.41, 1 g TPB, d = 200-400 um, 300 rpm).

Therefore, by plotting qe versus In Ce, enables the determination of

the constants At and B. B is the Temkin constant related to heat of sorption
(J/mol) and Ar is the Temkin isotherm constant (L/g) (Figure 10, Table 1).
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Figure 11. Dubinin—Radushkevich plot for Cu?* biosorption onto TPB (Ci = 12.5-68 mg
Cu?*L, 296 K, pH=5.41, 1 g TPB/100 mL, d = 200-400 um, 300 rpm).
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Dubinin-Radushkevich isotherm model [16] is an empirical adsorption
model that is generally applied to express adsorption mechanism with
Gaussian energy distribution onto heterogeneous surfaces. This isotherm
model was developed to account for the effect of the porous structure of the
adsorbents. It was based on the adsorption potential theory and assumed
that the adsorption process was related to micropore volume filling as opposed
to layer-by-layer adsorption on pore walls.

Dubinin-Radushkevich isotherm model is superior to the Langmuir
isotherm since it did not consider a homogeneous surface or constant adsorption
potential [17]

It is usually applied to differentiate between physical and chemical
adsorption of metal ions. A distinguishing feature of the Dubinin-Radushkevich
isotherm is the fact that it is temperature dependent; hence when adsorption
data at different temperatures are plotted as a function of logarithm of amount
adsorbed versus the square of potential energy, all suitable data can be
obtained [18].

From the linear plot of Dubinin-Radushkevich model, gs was determined
to 2.013 mg/g (Table 1). The mean free energy was calculated and has value
E = 16 KJ/mol, that indicating a chemisorption process.

The coefficient of determination R? = 0.89 for Dubinin-Radushkevich
model is higher than that of Tempkin model (R? =0.83), so, the first is preferred.

From literature [19], is well-known that, if E value is between 8 and
16 kJ/mol, the adsorption follows an ion-exchange process (chemisorption),
and if E < 8 kdJ/mol, the adsorption process is physical.

Table 1. Langmuir, Freundlich, Temkin and Dubinin—Radushkevich coefficients
calculated using linear regression analysis for Cu?* adsorption on TPB; Ci = 12.5-
68 mg Cu?*L, 296 K, pH = 5.41, 1 g TPB/100 mL, d = 200-400 um, 300 rpm.

. . . Dubinin-
Langmuir Freundlich Temkin Radushkevich
b qm R? n Ks R? B At R? Qs Kad R?
(L/mg) | (mg/g) (mg(1-1/m) (J/mol)| (L/g) (mgl/g) | (mol?/
L1ln/g) KJZ)
0.028 | 2.959 |0.92(1.084| 0.077 [0.93| 0.885 | 0.999 [0.83| 2.013 | 0.002 |0.89
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IV. Kinetics models

The data obtained from adsorption kinetic experiments were simulated
using five kinetic models, which are pseudo-first order, pseudo-second order
reaction rate, Elovich, Weber-Morris intra-particle diffusion and Boyd external
film diffusion models. Coefficient of correlation (R?), which represent the
percentage of variability in the dependent variable (the variance about the
mean) is employed to analyse the fitting degree of isotherm and kinetic
models with the experimental data [20] and as is well known, may vary from
0 to 1. The values of ks and ge calculated from the slope and intercept obtained
from the linear plot of In(ge-qt) vs.t (Figure 12) and the R? values of fitting the
first-order rate model at the three concentrations are presented in Table 2.

Linear plot of t/q: vs. t (Figure 13) was used for calculating the ge (cal)
of pseudo-second order and k, and these values are also shown also in
Table 2.

IV.1. Pseudo-first-order kinetic model

This model — Lagergren [21] — describes the adsorption of one
adsorbate molecule onto one active site of the biosorbent.

The constants Ky and q. were estimated from the slope and intercept
by plotting In (qe — g1) vs. time, respectively (see Figure 12 and Table 2).
Calculated adsorption capacity values (ge) of Cu (Il) biosorption on TPB are
much lower (gcac = 1.02 mg/g, Table 2) in comparison to experimental ones
(9e = 1.98 mg/g, Figure 4) and R? (regression coefficient) values are small
(no. 0.74, Table 2), suggesting that the pseudo-first-order model cannot
describes the studied system.

IV.2. Pseudo-second-order kinetic model

Experimental data were also tested using the Ho and McKay [22]
pseudo-second-order equations. The rate constants (kz), R? and ge values
are given in Table 2, Figure 13.

As the table shows, the linearized pseudo second-order kinetics
model provides much better R? values (0.999 for all tree concentrations) than
those for the pseudo-first-order model.

The good agreement between the experimental data and the pseudo-
second order kinetic model (Figure 13, Table 2) show that in the studied
biosorption process, the rate-limiting step is the chemical interaction between
the Cu(ll) ions and the functional groups on the TPB biosorbent surface.
Moreover, for retention on the biosorbents surface, Cu(ll) ions need two
functional groups, which must be geometrically favorable.
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Since studied TPB biosorbent has a large number of functional
groups on their surface (FTIR analysis, Figure 1), it can be assumed that
there is no reason why biosorption should not takes place according to the
pseudo-second-order kinetics.

The theoretical ge (cal) = 2.05 mg/g for Ci = 68 mg Cu (Il)/L (Table 2)
value were also found in concordance with the experimental value ge (exp) =
1.94 mg/g for the C; =68 mg Cu (Il)/L (Figure 4).
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Figure 12. Plots of the pseudo-first-order kinetic models for Cu (Il) biosorption using
TPB; Ci = 12.5-68 mg Cu?*/ L,1g TPB/100 mL, d = 200-400 um, 296 K,
pH = 5.41, 300rpm.
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Figure 13. Plots of the pseudo-second-order kinetic models for Cu (Il) biosorption

using TPB; Ci = 12.5-68 mg Cu?*/ L,1g TPB, d = 200-400 ym, 296 K, pH = 5.41,
300rpm.
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IV.3. Elovich equation

The Elovich equation has been widely used in adsorption kinetics,
which describes chemical adsorption (chemical reaction) mechanism in nature.
The model of Elovich and Larinov [23] is based on a kinetic principle assuming
that the adsorption sites increase exponentially with adsorption, which implies

a multilayer adsorption.
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Figure 14. Elovich plots for Cu?* biosorption onto TPB (Ci = 12.5-68 mg Cu?*/L,
1 g TPB/100mL, d = 200-400 um, 296 K, pH=5.41, 300 rpm).

Table 2. Pseudo-first-order, pseudo-second-order rate constants and Elovich
kinetic models calculated and experimental ge values for Cu (Il) biosorption
onto TPB using different initial concentrations; Ci=12.5-68mg Cu?*/L,
1g TPB/100 mL, d=200-400 pm, 296K, pH = 5.41,300 rpm.

Pseudo-first Pseudo-second Elovich

S order order ovic
§3
§"3 Qm Kaa | R2| qm Kz R? a B | R
o (mglg) | (min™) (mg/g) |(g/mg-min) (mg/g-min) | (g/mg)
[& R

125 | 0.224 0.014 |0.74| 0.391 0.215 |0.99 0.081 14.025 |0.95
27.5 | 0.225 0.010 |0.37| 0.643 0.172 |0.99 1.394 7.85 |0.90

68 1.018 0.022 |0.85| 2.052 0.061 0.99 2.093 3.63 |0.97
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In the case of Elovich kinetic model, the low values of the correlation
coefficients, between 0.90 and 0.97 (see Figure 14, Table 2), suggest that
this model is not suitable to describe the Cu(ll) on TPB biosorption process.

IV.4. Intra-particle diffusion kinetic model

This model was developed by Weber and Moris, in 1962 [24].
According this model, adsorption is a mass transport process that can be
viewed as a diffusion. The adsorption mechanism is through three steps, i.e.,
the external mass transfer, the intraparticle diffusion, and the final equilibrium
step [25, 26].
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Figure 15. Intraparticle diffusion kinetics for biosorption of Cu(ll) onto TPB at 296K.

The intra particle diffusion Weber and Morris [24] was considered in
order to establish how mass transfer through the biomass pores influences
the biosorption process.

Plots of qt against t'? are linear, but with intercepts +0.13, +0.90 and +1.94
(Table 3), suggesting that early stages of the diffusion process could be rate-
limitative at small concentrations (Ci = 12.5 mg Cu (ll)/L).

IV.5. External diffusion kinetics model.

The external diffusion models assume that the diffusion of adsorbate
in a bounding liquid film around the adsorbent is the slowest step.
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Several equations have been developed to model the external mass
transfer process.

Boyd’s external diffusion model [27] simulates the external diffusion
of adsorbate in a liquid film.
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HER
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-3
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©12.5 mg/L @27.7 mg/L A68 mg/L

Figure 16. Boyd’s external diffusion kinetics model for biosorption of
Cu(ll) onto TPB at 296K.

The liquid film model [27] plots (-In(1-g+/ge) against t) do not exhibit
zero intercepts (Table 3, +0.44, +0.61 and +0.53), suggesting that the
process is not controlled by diffusion through the liquid film surrounding the
TPB biosorbent particles.

Table 3. Intra-particle and external (film) diffusion rate coefficients for Cu?*
biosorption on TPB; 12.5 - 68 mg Cu?*/L, 300 rpm, 296 K. pH = 5.41.

. Intra-particle diffusion External (Film) Diffusion
Concentr:tlon . K
(mg Cu?*/L) (min-1) Intercept R? (min‘) Intercept R?
125 0.178 0.128 0.87 0.014 0.439 0.91
27.5 0.015 0.900 0.88 0.012 0.613 0.97
68 0.072 1.038 0.87 0.023 0.529 0.91
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CONCLUSION

In the present work, a modified biomass (TPB) for biosorption of Cu(ll)
ions from aqueous solution, in a batch adsorption study was investigated, in
order to obtain a biomaterial that could be used as a base for a dietary
supplement with Cu(ll) and significant amounts of lycopene from TPB.

The surface modifications after Cu(ll) biosorption on TPB were
analysed by the FTIR and SEM analyses.

The biosorption Cu(ll) ions on TPB depends on the initial Cu(ll) ions
concentration, contact time and stirring rate. 68 mg/L of biosorbent dose, 150
min of contact time and 300 rpm, at room temperature for Cu(ll)/TPB system
was used. The adsorption of Cu(ll) ion from aqueous solution increased with
increase in the contact time. The biosorption percentage of Cu(ll) ions
increased with increase with the biosorbent quantity and stirring rate. However,
for energy saving reasons, the rotation speed of 300 rpm will be chosen.

The adsorption kinetics and mechanism were analysed by using
kinetic models such as pseudo-first-order, pseudo-second-order, Elovich,
intraparticle diffusion and external diffusion film model.

The pseudo-second-order was fitted very well compared to all other
kinetic models.

Freundlich model was fitted well with the maximum R? value (0.93)
compare to Langmuir, Temkin and Dubinin-Radushkevich models for TPB.

Taking into consideration that pore diffusion coefficients have higher
values than the rate-determining range, that none of the plots of the liquid
film model exhibit a zero intercept, and that the biosorption fits the pseudo-
second-order kinetics, the considered process that takes place is chemisorption.

Finally, we concluded that TPB biosorbent is an effective material to

adsorb the Cu(ll) ions from aqueous solution.
Taking into consideration the values obtained for the adsorption capacity and
knowing the WHO suggested intake of copper for males and females, 0.5 g
of TPB, in powder form containing Cu(ll), could be used as a dietary supplement
in order to supply the daily copper demand of the organism.

EXPERIMENTAL SECTION

Materials

The stock solution, 1 g/L of Cu (llI), was prepared by dissolving
CuS04-5H20 in distilled water. Analytical grade, without further purification,
from E. Merck Ltd., Germany was used. The required concentrations were
obtained by diluting the stock solution to the desired concentrations, in 12.5—
68 mg Cu?*/L range.
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The tomato waste material (peel, seeds and pulp), TPB, required as
starting material for this work was collected locally, after tomato juice extraction.
Initially, for the preparation of biosorbent, the biomass was crushed, washed
several times with distilled water, and dried in the oven at 70 °C, for 48 h until
the biosorbent constant weight is obtained. The dried TPB samples were
ground to fine powder and the this was sieved through different sizes and
200—400 um fractions was used. This was stored in a desiccator and used in
further experiments.

Biosorption experiments.

Biosorption process took place under established conditions in a
beaker (thermostated batch conditions, 296K +2K) containing 100 mL of Cu (II)
solution of different concentrations (12.5—-68 mg/L) and different quantities
(1-3 g) of TPB. The different solutions were placed on a magnetic stirrer and
stirred at a different speed (300-700 rpm) in a continuous manner. In order
to determine the exact concentration of copper and to establish the evolution
of the biosorption process, water samples from the supernatant, diluted as
required, were collected at different time intervals, until equilibrium was reached.
The maximum contact time used was 240 min to ensure that biosorption
equilibrium was reached.

The concentration of copper ions in the solution was determined
using a flame atomic absorption spectrophotometer (Sens AA Dual GBS
Scientific Equipment, Australia).

Biosorption efficiency, expressed as percentage, was calculated with
equation (1):

(1)

E:C°_Cex100
C

o

where Cq and C. are the initial and equilibrium concentrations of Cu (ll),
respectively (mg/L).
The amount of Cu(ll) biosorbed per gram of TPB (mg/g) was calculated
using equation (2):
(C-C.)-V (2)
m

qe:

where V is solution volume (L) and m is TPB quantity (g).
All parametrical values presented are the averaged mean of three
series of data recorded from repetitions of the same experiment.
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IN VITRO - IN VIVO CORRELATION OF PENTOXIFYLLINE:
A COMPREHENSIVE KINETIC ANALYSIS
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ABSTRACT. This study presents an analysis of In Vitro-In Vivo Correlation
(IVIVC) for pentoxifylline modified-release tablets, with a focus on deriving robust
predictive models. In vitro dissolution tests were conducted in three pH media
(1.2, 4.5, and 6.8) to simulate various gastrointestinal conditions. Data was
collected under fed conditions from a bioequivalence (BE) study. The modeling
and calculations were performed using Phoenix WinNonlin® version 8.4
software, enabling estimation of drug absorption kinetics. A Level A IVIVC model
was employed for each in vivo data to establish a direct and reliable correlation
between the in vitro dissolution profiles and the in vivo pharmacokinetic data.
The determination coefficient (R?) exceeded 0.97, demonstrating a high
degree of predictability and robustness in the established IVIVC.
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INTRODUCTION

In the field of pharmaceutical sciences, establishing a robust In Vitro-in
Vivo Correlation (IVIVC) is pivotal for the development and regulatory approval
of drug formulations and also for lifecycle management [1-5]. The continuous
enhancement of drug development remains a key objective, with the industry
committed to pioneering innovative approaches to achieve this goal. Within the
increasing pressures to expedite product development timelines, it is imperative
to foster integrated collaboration among scientists from diverse disciplines,
including analytical chemistry, formulation science, clinical pharmacology, and
other pharmaceutical fields. Such interdisciplinary teamwork is crucial to ensure
the success of pharmaceutical products at every stage of development [2,6]. A
critical tool is the establishment of IVIVC, a predictive model that bridges the gap
between laboratory dissolution data and in vivo drug performance, offering a
scientific basis for understanding drug behavior within the human body [7,8].
Both academia and the pharmaceutical industry, along with regulatory bodies,
have concentrated efforts on utilizing IVIVC to address a variety of objectives
[7-9]. IVIVC plays an important role in the development and post approval
changes of a drug product [2,4,6] but also limiting the risk of in vivo failure [10].

In vitro release, typically illustrated through dissolution profiles in
biorelevant or bio-predictive media, contrasts with in vivo release, which is
primarily determined by pharmacokinetic studies measuring plasma drug
concentration or the amount of drug absorbed [2,4,10]. Observed in vivo
differences in the rate and extent of drug absorption between two
pharmaceutically equivalent solid oral products may be attributed to variations
in their in vivo dissolution profiles [11].

Over the years, IVIVC has seen significant evolution, driven by
advances in analytical techniques and a deeper understanding of drug
dissolution and absorption dynamics [2,10]. Originally applied to immediate
release formulations, the scope of IVIVC has now expanded to include modified-
release products, driven by advancements in dissolution testing methodologies
and computational modelling [8].

Despite these advancements, the field of IVIVC faces several
challenges, including variability in dissolution testing methods, inter-individual
physiological differences, and the inherent complexities of modified-release
formulations [3,7,9]. Most of the published studies still focus on early-stage
applications rather than regulatory purposes, reflecting a gap in the adoption of
advanced technologies [1-3,8,12].

The legislative framework for In Vitro-In Vivo Correlation (IVIVC) across
Europe [13,14], USA [15], and Canada [16] is guided by a common scientific
principle that seeks to establish a predictive mathematical model linking in vitro
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drug release to in vivo pharmacokinetic responses [4,9]. While specific
regulatory guidelines may vary, they all emphasize the importance of IVIVC in
drug development and approval processes. This includes setting dissolution
specifications, supporting bioequivalence studies, and facilitating drug product
modifications post-approval [4,9,17]. The harmonization efforts by international
regulatory bodies aim to streamline the IVIVC application across different
jurisdictions, ensuring consistency and predictability in drug development and
assessment [6].

In the United States, both innovator and generic drug companies employ
IVIVC models in their regulatory submissions, particularly for oral extended-
release (ER) drug products [7].

An IVIVC model should be applied strictly for interpolation within the data
range used during its development, ensuring adherence to validated parameters
and avoiding extrapolation beyond these bounds [13]. International regulatory
guidelines provide comprehensive protocols for both internal and external
validation of IVIVC models [18].

According to the United States Pharmacopeia (USP) and Food and
Drug Administration (FDA) guidelines, IVIVC models are classified into three
levels: A, B, and C, with Level Arepresenting the highest standard of correlation.
Level A IVIVC models establish a direct and point-to-point relationship
between the in vitro dissolution and the in vivo input rates, providing the most
comprehensive and predictive correlation. This high degree of correlation
underscores the reliability and applicability of the IVIVC model in predicting
in vivo drug behavior based on in vitro dissolution data. This level of correlation
is particularly beneficial for obtaining biowaivers, which can expedite the drug
approval process by reducing the need for extensive clinical trials. Biowaivers
are often not granted for Level B, C, and multiple C correlations [3—7,15].

Regulatory authorities recommend IVIVC-based biowaivers for
modified-release dosage forms, particularly those with extended release
characteristics [2,15]. The Biopharmaceutics Classification System (BCS) is
a scientific framework that classifies drug substances into four categories based
on their aqueous solubility and intestinal permeability. BCS class | drugs exhibit
high solubility and high permeability, while class Il drugs have low solubility but
high permeability. Class lll drugs are highly soluble but poorly permeable, and
class IV drugs are characterized by both low solubility and low permeability. This
classification helps predict the rate-limiting step for drug absorption, either
solubility/dissolution or permeability, and is instrumental in guiding regulatory
decisions for in vitro-in vivo correlation (IVIVC) studies. For oral dosage forms,
as emphasized by the FDA, it is feasible to correlate in vitro and in vivo data
when the absorption of the drug substance is constrained by the dissolution
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rate [15]. Consequently, establishing IVIVC is more straightforward for BCS
class Il compounds and, in certain cases, BCS class Ill compounds, as well
as extended-release (ER) formulations [3].

Pentoxifylline, chemically known as 3,7-dimethyl-1-(5-oxohexyl)-
3,7-dihydro-1H-purine-2,6-dione or 1-(5-oxohexyl)-3,7-dimethylxanthin, is a
methylxanthine derivative with significant therapeutic potential (Figure 1) [19].
This compound is characterized by its molecular formula Ci3H1gN4sO3; and a
molecular weight of 278.3 g/mol [20,21].

o CHj

CHs

Figure 1. Chemical structure of pentoxifylline
(IUPAC name 3,7-Dimethyl-1-(5-oxohexyl) purine-2,6-dione)

Pentoxifylline, an anti-haemorrhagic medication utilized in the treatment
of intermittent claudication but with much broader potential for protecting
vascular health and optimising tissue perfusion [21], undergoes significant
hepatic metabolism, resulting in a rapid decrease in therapeutic levels [18,22].

Following oral administration, pentoxifylline is well-absorbed, reaching
peak plasma concentrations within an hour, although its bioavailability is subject
to a non-linear, dose-dependent first-pass effect. Metabolized in the liver and
erythrocytes, pentoxifylline and its active metabolites are primarily excreted
via the urine, with a minor proportion eliminated through feces. These
pharmacokinetic attributes underscore pentoxifylline’s therapeutic potential and
the necessity for precise formulation to optimize its clinical efficacy.

Classified under the BCS as a Class Il compound, pentoxifylline is
characterized by low solubility but high permeability, indicating that its absorption
is predominantly solubility-limited [19].

IVIVC plays a crucial role in the application of biowaivers, thereby
expediting the drug approval process and reducing the necessity for human
bioequivalence studies [11].

The primary objective of constructing an IVIVC is to validate that the
in vitro dissolution characteristics are predictive of the in vivo pharmacokinetic
performance of the drug across various release rates [5]. This correlation is
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crucial for ensuring that the predictive model remains reliable and robust,
enabling the facilitation of manufacturing modifications without compromising
the drug’s therapeutic efficacy and safety [6,23]. The successful establishment
of a Level A IVIVC thus provides a powerful tool for both regulatory assessment
and the optimization of drug formulation development processes [6,10].

The development of Level A IVIVC typically involves multiple drug
formulations exhibiting a range of dissolution rates, including slow, medium,
and fast release profiles. These formulations undergo comprehensive in vitro
dissolution testing to generate dissolution profiles, followed by in vivo
pharmacokinetic studies to obtain plasma concentration profiles. Advanced
deconvolution techniques are subsequently employed to accurately determine
the in vivo absorption profiles from the plasma concentration data [4-6,15,23,24].

In this study, the focus is on the development of IVIVC model for
Pentoxifylline modified-release tablets, using such a Level A IVIVC, by
evaluating various dissolution media and considering physiological variables.

This research serves as an initial exploratory study, aiming not at the
development of an industrial-scale IVIVC, but to serve as a support for
subsequent, more comprehensive studies in this area. Accordingly, the in
vitro experiments were conducted on two modified-release formulations of
pentoxifylline, namely, the reference product Trental 400 mg modified-release
tablets (R), Sanofi Aventis, France, and the prototype generic formulation
Pentoxifylline 400 mg modified-release tablets (T) developed by Antibiotice
SA, lasi, Romania.

RESULTS AND DISCUSSION

In vitro dissolution data analysis

The in vitro dissolution characteristics of two modified-release
formulations of pentoxifylline were assessed through in vitro dissolution tests,
in three distinct pH media: 1.2, 4.5, and 6.8. These pH conditions were carefully
chosen to simulate the physiological conditions of the gastrointestinal (Gl) tract:
pH 1.2 represents the acidic gastric environment, pH 4.5 simulates the early
intestinal transit, and pH 6.8 corresponds to the later stages of intestinal
digestion [25].

The detailed methodology and sample preparation protocols are
outlined in the experimental section. The percentage release of pentoxifylline
was quantified, with results presented in Figure 2 as mean values + standard
deviation (SD) of six replicates.

The results presented in Figure 2 demonstrate that the in vitro release
of pentoxifylline from the generic modified-release product developed by
Antibiotice SA and the reference product are independent of pH, as evidenced
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by the almost superposable dissolution profiles across all three media. This pH
independence represents a significant advantage, as the chosen dissolution
media simulate a range of physiological and nutritional conditions encountered
in the gastrointestinal (Gl) tract. Specifically, pH 1.2 mimics the fasting state
in the stomach (pH 1-3), while pH 4.5 simulates the fed state in the stomach
(pH 4-6, depending on food composition). Lastly, pH 6.8 represents the pH of
the small intestine, consisting in the duodenum (pH 5-6.5), jejunum (pH 6-7),
and ileum (pH 7-8), as well as portions of the large intestine such as the cecum
(pH 5.5-7) and colon (pH 6-7.5) [25]. This consistency in drug release across
varying pH conditions ensures reliable drug performance regardless of the fed
or fasting state, reflecting a stable release mechanism suitable for the diverse
physiological environments of the Gl tract. Such properties enhance the
predictability of the modified-release formulation and align well with the criteria
for robust IVIVC models.

Reference (R) Test (T)

(%)
(%)

Vitro_released

Vltro_released

Time (hr) Time (hr)

Figure 2. Dissolution profiles of pentoxifylline 400 mg modified-release
tablets (Reference and Test) in three pH conditions (1.2, 4.5, and 6.8)

In vivo data

The in vivo data used to establish the IVIVC for pentoxifylline were
derived using mathematical deconvolution techniques. This method takes
the known output function, represented by the mean plasma concentrations,
to back-calculate the input function, which reflects the absorption kinetics of
pentoxifylline [24]. As a result, the time-dependent relative fraction of
pentoxifylline absorbed from the administration site was determined and is
illustrated in Figure 3. The corresponding bioequivalence study was carried out
at the Center for Drug Evaluation, Antibiotice SA, lasi, Romania.
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Reference (R) Test (T)
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Time (hr) Time (hr)
Figure 3. The relative fraction of pentoxifylline absorbed following the oral

administration of a single 400 mg dose of the Reference and Test formulations
under fed conditions of the in vivo clinical trial

In vitro — in vivo correlation

The in vitro—in vivo correlations (IVIVCs) were evaluated to establish a
Level A correlation. Absorption profiles of Pentoxifylline 400 mg modified-release
tablets were derived from individual plasma drug concentration versus time
profiles obtained during bioequivalence study. These absorption profiles were
assessed under fed conditions.

By correlating the percentage of in vivo absorbed pentoxifylline with
the in vitro dissolution percentages, an IVIVC was established. The regression
analysis, including slopes, intercepts, and determination coefficients for the
IVIVCs, is detailed in Table 1.

The IVIVC plots from Figure 4 illustrate the relationship between
in vitro dissolution and in vivo absorption of pentoxifylline 400 mg modified-
release tablets under fed conditions of subjects enrolled in the clinical trial,
evaluated using the deconvolution approach across three pH values for the
dissolution media: 1.2, 4.5, and 6.8.

Table 1. In vitro — in vivo correlation results for pentoxifylline 400 mg modified-
release tablets and statistical analysis of the correlations obtained
for the clinical study under fed conditions

IVIVC corelations

Dissolution Reference (R) Test (T)
media pH 1 , Determination Determination
Slope’! Intercept Coefficient (R?) Slope Intercept Coefficient (R?)
1.2 0.6491 12.52 0.9724 0.6703 13.83 0.9752
4.5 0.6260 19.24 0.9737 0.6442 14.47 0.9730
6.8 0.6126  11.98 0.9796 0.6046 13.47 0.9818

" Slope — expressed in A% vitro released / A% fraction absorbed; 2 Intercept —
expressed in % vitro released.
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Figure 4. In vitro — in vivo correlation plots for pentoxifylline 400 mg
modified-release tablets, generated using the deconvolution approach,
at different pH levels of the dissolution media (1.2 [a], 4.5 [b], and 6.8 [c])

and under fed conditions of subjects in the clinical in vivo trial
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The establishment of a robust IVIVC necessitates linking the
pharmacokinetic profile of a drug substance with the formulation characteristics,
ensuring that physiological factors do not limit drug absorption. According to
the IVIVC guidelines, such correlations are particularly feasible for drugs
classified under Biopharmaceutics Classification System (BCS) class II.
Modified-release (MR) formulations are well-suited for IVIVC studies, as they
can be designed to control drug release over an extended period, making
pentoxifylline a reliable candidate for IVIVC development.

In this study, we evaluated the IVIVC of two formulations of
pentoxifylline: the reference product Trental and the generic prototype of
pentoxifylline 400 mg MR tablets. Data from a bioequivalence study conducted
under fed conditions, alongside in vitro results in multiple dissolution media (at
pH 1.2, 4.5, and 6.8), provides a comprehensive evaluation.

The tablet’s design allows for the formation of a gel layer upon hydration,
facilitating the slow release of pentoxifylline. Pentoxifylline MR tablets have
demonstrated predictable and reproducible Active Pharmaceutical Ingredient
(API) release, maintaining effective plasma concentrations over 24 hours with a
single daily dose (400 mg), which supports a prolonged therapeutic effect.

The IVIVC was established by selecting eight common time points for
both in vivo and in vitro studies (specifically 1, 2, 3, 4, 6, 8, 10 and 12 hours).
The correlation, derived from data at selected time points, resulted in the
establishment of six IVIVCs under fed conditions.

For an accurate IVIVC, the in vivo and in vitro profiles must exhibit
similar shapes. The statistical evaluation of the IVIVC for Pentoxifylline 400 mg
modified-release tablets revealed a high determination coefficient, consistently
exceeding 0.97. This indicates a strong linear relationship between the in vitro
dissolution profiles and the in vivo absorption data. The slope of the correlation
was determined to be approximately 0.6, with intercept values ranging
between 12 - 19.

The high determination coefficient, along with supportive slope and
intercept values, validates the IVIVC model developed in this study. These
results underscore the feasibility of using IVIVC as a reliable predictive tool
for drug development and regulatory submissions, particularly for BCS class
Il compounds.

The findings align with current IVIVC guidelines, demonstrating that a
Level A IVIVC is feasible for BCS class Il drugs, characterized by low solubility
and high permeability. According to these guidelines, a high determination
coefficient (generally above 0.9) is essential to demonstrate the predictive
power of the IVIVC. The slope and intercept values further support the
robustness of the correlation, indicating that the dissolution characteristics of
the modified-release formulation are effectively translated into in vivo
absorption profiles [15].
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A recent study by Taha el al (2024) was the only one identified in the
scientific literature to investigate the IVIVC of pentoxifylline sustained-
release (SR) formulations [18]. This study explored the role of different Flow-
Through-Cell (FTC, USP IV) designs in predicting in vivo performance under
fed and fasting conditions, proposing a closed-loop FTC system with a
turbulent-flow pattern and gradient-buffer medium as the optimal setup for
achieving a predictive IVIVC, with acceptable prediction error (PE%) values
for pharmacokinetic parameters such as maximum plasma concentration
(Cmax) and area under the plasma concentration versus time curve (AUC)
[18]. In contrast, our study focused on a more classical and regulatory-
aligned approach to IVIVC development, using traditional dissolution testing
in three pH media (1.2, 4.5, and 6.8) to simulate gastrointestinal conditions,
alongside bioequivalence data obtained under fed conditions from an in vivo
study conducted on healthy volunteers. This methodology enabled the
successful establishment of six robust Level A IVIVC models with high
determination coefficients (R?> 0.97), adhering to the standard requirements
for biowaiver applications. In contrast to the aforementioned study, which
used in vivo data sourced from the scientific literature, our study integrates
in vivo data obtained in a clinical trial conducted in the same company that
produced the generic formulation to be tested, ensuring better alignment with
regulatory expectations.

Given that no previous studies have comprehensively evaluated
IVIVCs for this drug molecule using classical approaches, our findings hold
a very high degree of novelty and underscore the importance of this work in
supporting the development of modified-release formulations for pentoxifylline.

Although these correlations were not intended for industrial scale-up,
the promising preliminary results provide a strong foundation for further
IVIVC development, potentially leading to a biowaiver application. This would
reduce costs associated with additional studies required for post-approval
changes, as the drug product could benefit from a biowaiver based on a
Level A IVIVC, in accordance with regulatory guidelines.

CONCLUSIONS

The successful establishment of six Level A In Vitro-In Vivo Correlations
(IVIVCs) for Pentoxifyline 400 mg modified-release tablets, with high
determination coefficients (R? > 0.97), obtained from the point-to-point IVIVCs,
signify a strong relationship between the in vitro dissolution data obtained in
three pH media and in vivo absorption profiles. The robust IVIVC models
presented here for both Reference product Trental 400 mg modified-release
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tablets and for the prototype generic developed Pentoxifylline 400 mg modified-
release tablets highlight the importance of controlled release formulations in
achieving consistent therapeutic outcomes and underscores the utility of IVIVCs
in regulatory submissions. Overall, this work contributes to the growing body of
evidence supporting the use of IVIVC in drug development, particularly for
modified-release formulations. It highlights the potential for IVIVCs to improve
the efficiency and cost-effectiveness of bringing new pharmaceutical products
to market, ultimately benefiting both industry and patients. This approach allows
for the improvement of methodologies and accumulation of data critical for future
IVIVC development efforts.

EXPERIMENTAL SECTION

In vitro studies

Dissolution studies were performed on 400 mg Reference and Test
pentoxyfiline modified-release tablets (EvoluPharm, Auneuil, France). The
dissolution tests were carried out in a rotating paddle apparatus (USP Apparatus
II) from Pharma Test (type PTWS 120s, Hainburg, Germany) at 37+0.5°c and
rotational speed of 50 rpm, using 900 mL of various dissolution media (media
pH 1.2,4.5 and 6.8).

A high-performance liquid chromatography (HPLC) method with UV
detection was employed to identify and quantify pentoxifylline in samples
obtained during the dissolution test. The analysis was performed using a Zorbax
C18 column (100 mm x 3.0 mm i.d., 3.5 ym particle size) under the following
conditions: the mobile phase consisted of 25% acetonitrile (ACN) and 75% 0.1%
phosphoric acid (H;PO,); the column temperature was maintained at 25°C; the
flow rate was set at 1 mL/min; the injection volume was 1 pL; detection was
carried out at a wavelength of 274 nm. Under these conditions, pentoxifylline
had a retention time of 1.1 minutes, with the total analysis completed within 2
minutes per sample.

The dissolution media for the in vitro studies were prepared using the
following protocols:

= pH 1.2 Hydrochloric Acid Solution: A0.1 N hydrochloric acid solution was
prepared by dissolving 9.9 g of 37% HCI in distilled water. The solution

volume was adjusted to 1 L, achieving a pH of 1.2.

= pH 4.5 Acetate Buffer Solution: To prepare the buffer, 3 g of sodium
acetate trihydrate was dissolved in distilled water, followed by the

addition of 14 mL of 2N acetic acid. The final volume was adjusted to 1

L with distilled water, resulting in a buffer with a pH of 4.5.
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= pH 6.8 Phosphate Buffer Solution: A phosphate buffer was prepared by
dissolving 6.81 g of potassium dihydrogen phosphate and 0.9 g of
sodium hydroxide in distilled water. The solution volume was adjusted to

1 L to achieve a pH of 6.8.

The dissolution media were prepared by thoroughly mixing the reagents
until fully dissolved, and the final pH was confirmed using a calibrated pH meter
to ensure consistency and accuracy during the dissolution tests. All reagents
used in the preparation of the dissolution buffer were of United States
Pharmacopoeia (USP) grade.

Samples (100 pL each) were collected at specific intervals: before tablet
release into the dissolution media (time 0), and subsequently at 0.25, 0.5, 0.75,
1,15, 2,3,4,6, 8, 10, 12, and 24 hours. The collected samples were filtered
and analyzed for pentoxifylline content using an HPLC-UV method, as
previously described.

In vivo data

The clinical study data, detailing plasma concentration versus time
profiles, were obtained from a pilot bioequivalence study in which the test
formulation was pentoxifylline 400 mg modified released tablets (developed
by Antibiotice SA, lasi, Romania) and the reference drug was Trental® 400
mg modified release tablets (Sanofi-Aventis, Paris, France). The study was
performed under fed conditions at the Centre for Drug Evaluation, Antibiotice
SA, lasi, Romania. The study strictly adhered to all applicable European Union
(EU) and International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH) requirements and Ethical standards. The
study protocol was approved by the National Ethics Committee, Romania, and
by the National Agency for Medicines and Medical Devices, Romania.

Study subjects: Twenty-nine healthy male and female Caucasian
subjects were screened and included in the study. All relevant study aspects
were discussed with each volunteer, and written informed consent was provided
by each participant prior to the commencement of the study. The study protocol
clearly defined the inclusion and exclusion criteria. Only healthy volunteers who
met the established criteria were selected by the investigator based on their
medical history, physical examination, and clinical laboratory tests. These tests
included haematology, clinical chemistry, urine analysis, urine drug screening,
and pregnancy tests for female subjects. All participants were Caucasian adults
aged 18 to 50 years, non-smokers or light smokers, with a body mass index
(BMI) between 18.5 and 30 kg/m?.
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Drug products: All subjects received a single oral dose of 400 mg
pentoxifylline, either test or reference drug, in accordance with the randomization
scheme.

Study design: The study was designed as a pilot, single-center, open-
label, analytically blind, randomized, single-dose, crossover study, with a wash-
out period of 6 days between treatments.

At each treatment period, subjects were confined from at least 10 hours
before dosing until after 24.0 hours post — dose. Follow-up ambulatory visits
were scheduled for 36 hours post-dose.

The drug administration followed a standard high — fat high — calorie
breakfast 30 minutes before drug administration and standardized meals at
4.0, 9.0, and 13.0 hours after drug administration. Liquid consumption was
restricted from 1 hour before until 1 hour after drug administration, except
200 mL non — sparkling water for drug administration.

Blood plasma samples collection: Venous blood samples (6 mL each)
were collected prior to drug administration (at O hours) and at predetermined
time points post-dose, including 0.33, 0.67, 1.0, 1.33, 1.67, 2.0, 2.33, 2.67, 3.0,
35,4.0,4.5,5.0,6.0, 8.0, 10.0, 12.0, 16.0, 24.0 and 36.0 hours. The collected
samples were rapidly frozen until analysis at a temperature of (-25°C) + 5°C.

Bioanalytical methodology: Quantification of the drug substance was
performed using a high-throughput liquid chromatography-tandem mass
spectrometry (LC/MS/MS) method, with pentoxifylline d5 serving as the
internal standard. Calibration curves demonstrated linearity within the
concentration range of 5-500 ng/mL.

Statistical analysis: Data analysis was conducted using Phoenix
WinNonlin® software, version 8.4 (Certara, PA, USA). The results obtained
for the Reference and Test products were utilized to develop the IVIVC
models.

In vitro — in vivo correlations (IVIVCs)

The numerical deconvolution method was employed to evaluate the
level of correlation. This approach involved deriving the absorption profile from
in vivo data collected during clinical study. Subsequently, the percentage of the
drug absorbed in vivo was plotted against the percentage dissolved in in vitro
tests. The analysis and calculations were conducted using Phoenix WinNonlin®
version 8.4 software (Certara, PA, USA), facilitating the estimation of drug
absorption kinetics.
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