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ABSTRACT. Silver nanoparticles (AgNPs) were synthesized by chemical 
reduction method, using different reducing systems. The interaction of AgNPs 
and vancomycin hydrochloride (V) was investigated by UV-Vis spectroscopy, 
and their tendency to form AgNP@V associations or complexes was identified 
in colloidal solutions. Moreover their affinity to self-assembly and aggregate 
is also examined. This behavior is important and decisively influences the 
antimicrobial effect of AgNP@V complexes.  
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INTRODUCTION  

 
The current need for novel syntheses and functionalization methods 

of silver nanoparticles (AgNPs) for gaining an enhanced antimicrobial activity 
represents a great challenge in the development of new antimicrobials.  

Many investigations are made nowadays regarding AgNPs, in particular 
their effect in various combinations with drugs, like antibiotics, leading to new 
strategies for their therapeutic use [1, 2].  

Firstly, AgNPs can be used as antimicrobial agents [2-6]. Further, they 
can also improve the activity of antibiotics, reducing their secondary effects [7], 
and even make them active against bacterial strains resistant to those 
antibiotics. Moreover, the AgNPs and antibiotics were jointly found effective 
against pathogenic bacteria, which have developed resistance against certain 
antibiotics, because of the abusive uses of antibiotics [8-12].  
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In this regard, the method by which AgNPs were obtained is of major 
importance. If they are synthesized by chemical reduction method, the reducing 
agent can also stabilize the colloidal system [13, 14], or other substances 
are introduced, as capping agents [15]. They may determine the size and 
shape of the particles. Clearly, the interactions between the drug and silver 
can be mediated by capping agents. 

These interactions can stabilize, but also can destabilize the colloidal 
system, causing the aggregation of the nanoparticles and finally their precipitation. 
These interactions can also influence the biological effects of the system, leading 
to a synergistic, additive effect or antagonistic effect of AgNPs and drug [16]. 
Even the orientation of drug molecules on the AgNPs can play an important 
role [11].  

The methods to synthesize AgNPs are numerous and varied [2, 17], 
going from physical approaches, to chemical or electrochemical reduction 
processes, and to biogenic (green) syntheses [18, 19], often by plant extracts 
[20-23], fungi and bacteria [16, 24, 25]. Ag+ ions can be easily reduced even by 
weak reducing agents, both inorganic and organic [6, 26]. In order to better 
control the particles size and shape, mixtures of different reducing agents were 
also used (co-reduction) [17, 27-29]. Of course, the cytotoxicity of AgNPs and 
also their impact on medium must be taken into account [30]. 

Vancomycin, C66H75Cl2N9O24, is a large glycopeptide, noted V, active 
generally against Gram-positive bacteria. It is mostly used in the form of 
hydrochloride. Vancomycin is largely used as an alternative to antibiotics for 
which drug resistance was developed. Unfortunately, even strains resistant to 
vancomycin already emerged [31]. Therefore, associating vancomycin with 
silver nanoparticles could be a solution [32]. 

Consequently, the focus of this work is on syntheses and functionalization 
of AgNPs with an antibiotic, like vancomycin, to obtain homogeneous colloidal 
solutions, having narrow sized particles, of high stability. 
 
 
 
RESULTS AND DISCUSSION 

 
Silver reduction with citrate ions is frequently used to obtain AgNPs, 

and also to stabilize them, but that mechanism in not yet fully understood [33]. 
The spectra of AgNPs obtained by reduction with trisodium citrate ( C ) and 
their mixtures with vancomycin hydrochloride (V) solution in different ratios are 
given in Figure 1. The peak at about 280 nm is due to vancomycin hydrochloride. 
The characteristic surface plasmon resonance (SPR) band of AgNPs has a 
maximum at 406 nm, denoting the presence of rather small nanoparticles.  
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There is a single sharp peak indicating the presence of mostly spherical AgNPs 
[12]. The full width at half maximum (FWHM) is 76.8 nm, showing a rather 
narrow distribution of particles size (namely, of low polydispersivity). 

By adding increasing volumes of V solution, the maximum decreases, 
due to the dilution of the AgNPs solution and is shifted toward higher 
wavelengths (red shift). This significant shift is the result of the interactions 
between Ag and the drug. The width of the peak (FWHM) also increases 
with increasing amounts of V, up to 78.5 nm, due to the formation of the 
AgNP@V complex [11]. After 2 days the spectrum is only slightly modified, 
so the AgNP@V associations are stable, without a tendency to aggregate. 
The interaction between vancomycin and citrate capped AgNPs can be 
assigned to hydrogen bond between the oxygen atoms of citrate anion and 
the H atom in the amino groups of vancomycin, in total agreement with 
other similar data [12].  

The reduction of Ag+ with β-cyclodextrin (β-CD) is a green synthesis 
[34] The UV-Vis spectrum (Fig. 2) is quite similar to that of AgNP-citrate 
(Fig. 1). From TEM images, an average size of the particles of 13.1 ± 2.1 nm 
was found [34]. The particle distribution is narrower (FWHM = 69.6 nm) than 
for the reduction with citrate. The addition of V causes also a red shift of the 
absorption maximum. But after several days a deformation of the SPR peak 
occurs, with the apparition of a shoulder at higher wavelengths and a 
corresponding increase of the FHWM, to over 100 nm. This indicates the 
beginning of self-assembly of the AgNPs mediated by vancomycin.   
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  Figure 1. UV-VIS spectra of AgNPs-           Figure 2. UV-VIS spectra of AgNPs- 
    citrate and V solutions in different             β-cyclodextrin (β-CD) and V solutions  
               ratios and in time                                   in different ratios and in time 
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Another green synthesis of AgNPs uses glucose as reducing agent 
and starch as capping agent [35, 36]. The maximum of the SPR band of the 
AgNPs is at 406 nm (Fig. 3), and the FWHM is 56.2 nm. The peak is not 
shifted by adding V, but after 2 days a shoulder appears at about 470 nm, 
and a new peak appears after 3 days, at 508 nm, while the main peak is much 
diminished. The new peak corresponds to aggregates of AgNPs resulted by 
their self-assembly. In presence of starch, the vancomycin mediated self-
assembly is more accentuated than for other capping agents.  

The synthesis of AgNPs, using also glucose as reducing agent and 
tetraethyl orthosilicate (TEOS) [37] as capping agent (Fig. 4), produced larger 
AgNPs. The maximum absorption in the SPR band occurs at about 410 nm, 
and the band is asymmetrical, outstretched toward higher wavelengths, and 
FWHM is about 80 nm. This finding means that there is a wider distribution 
of particles sizes, and larger particles being also present. This asymmetry 
increases when V is added, and in time. After 4 days the maximum of the 
SPR band is significantly reduced, and the V band is at 280 nm. The cause 
is the precipitation of larger aggregated AgNPs.   
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  Figure 3. UV-VIS spectra of AgNPs-             Figure 4. UV-VIS spectra of AgNPs- 
   glucose-starch (gluc-starch) and V                 glucose -TEOS and V solutions in      
  solutions in different ratios and in time                   different ratios and in time         
 
 Using a mixture of trisodium citrate (C) and tannic acid (T) [17] (Fig. 5) 
in the molar ratio of 1:7:2 for Ag:C:T, relatively large AgNPs are obtained. In 
the presence of V, the absorption maximum of the SPR band shifts toward 
red. The AgNPs are stable, no tendency to aggregation is observed in time. 
The absorption band of V at 280 nm is not visible, since it is hidden by the 
strong absorption band of tannic acid.  
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  Figure 5. UV-VIS spectra of AgNPs-           Figure 6. UV-VIS spectra of AgNPs- 
   citrate (C) and tannic acid (T) in the             citrate (C) and tannic acid (T) in the 
    molar ratio 1:7:2 and V solutions in             molar ratio 1:20:0.1 and V solutions 
          different ratios and in time                          in different ratios and in time        

 
 With a much lower tannic acid concentration (Ag:C:T molar ratio of 
1:20:0.1) the AgNPs are much smaller (absorption maximum at 402 nm) 
and the SPR band is quite narrow (low polydispersivity). The band is red 
shifted for increasing V addition, which is a sign of vancomycin association 
to AgNPs (Fig. 6). No significant modifications are observed in time.  

The vancomycin-AgNPs complexes are stable, no aggregation and 
precipitation occur. The V band of 280 nm is here superposed on a stronger 
tannic acid band at the same position, so its variation with the V content of 
the solution is no longer visible, 
 The UV-Vis spectra of V mixtures with silver nitrate solution are compared 
with the spectra of V and AgNO3 in Fig. 7. AgNO3 presents no absorption in 
the visible and UV wavelength range investigated, and no SPR band appears.  
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Figure 7. UV-VIS spectra of 0.5 mM AgNO3 and 500 mg/L vancomycin 

hydrochloride (V) solutions and their mixtures, and in time 
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Vancomycin can also reduce Ag+ to AgNPs, but only in basic medium 
and at higher temperature [unpublished research]. The V band at 280 nm 
increases with V concentration in that mixture, but in several days a diminution 
of its intensity is observed. Only after 21 d, traces of a gray deposit are seen 
(indicating that silver ions are reduced by V).  
 
 
CONCLUSIONS 
 
 UV-Vis measurements enabled us to highlight the various behavior 
of AgNPs colloidal solutions, obtained using various reduction systems, due 
to the formation of differently capped AgNPs. Further, the interaction of the 
capped AgNPs with the antibiotic drug, like vancomycin, is identified. 
 For some preparations (e.g. AgNPs-citrate or AgNPs-citrate-tannic 
acid) stable AgNPs-vancomycin associations (complexes) were obtained. For 
other colloidal solutions (e.g. AgNPs-βCD) less or more advanced vancomycin 
mediated self-assemblies of AgNPs appeared, and still maintained in colloidal 
solution. Finally, in other systems (e.g. AgNPs-glucose-starch or AgNPs-glucose-
TEOS), the AgNPs slightly precipitated under the influence of vancomycin.   

Clearly, the knowledge on the characteristic behavior of AgNPs-
vancomycin systems can help in the selection of appropriate systems in order to 
maximize their antimicrobial effect.  
 
 
EXPERIMENTAL SECTION 
 
Synthesis of silver nanoparticles 

 
For all syntheses AgNO3 solution was used (high purity silver nitrate 

from Merck). For the reduction with trisodium citrate [17, 38], 25 mL 1 mM 
AgNO3 were boiled with 5 mL 1% solution of trisodium citrate, C, 
(Na3C6H5O7•2H2O, high purity, from Sigma Aldrich) and 70 mL water for 
30 min, under continuous stirring, The mole ratio C:Ag was about 7:1. The pale 
yellow solution obtained (0.25 mM Ag) was cooled on an ice-water mixture 
at room temperature.  

β-Cyclodextrin (Sigma-Aldrich) was used as a 10-2 M aqueous 
solution to reduce a 10-2 M AgNO3 solution in the 9:1 volume ratio, at pH 9 
(adjusted with K2CO3). The colloidal AgNPs solution obtained was diluted to 
0.2 mM Ag [34]. 

AgNPs-glucose-starch solution [35] was prepared from 20 mL 10-3 
M AgNO3 solution by reduction with 1.36 mL 4% glucose solution (obtained 
from glucose B. Braun 100 mg/mL, Melsungen AG, Germany) and 50 mL 
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0.34% starch solution (soluble starch, p.a. from Chempur, Poland) with ultrapure 
water to a total volume of 80 mL. The solution was heated under continuous 
stirring until boiling, when the pH was set at 7 with 10% NaOH solution and 
boiled for other 15 min. The obtained 0.25 mM Ag solution was cooled to 
room temperature. The glucose:Ag mole ratio was 1.2:1.  

The AgNPs-glucose-TEOS solution [37] was obtained from 100 mL 
10-3 M AgNO3 solution and 100 mL solution prepared from 5.2 mL 4% 
glucose solution, 1 mL 0.4% TEOS solution in ethanol (from Merck) and 
ultrapure water. The two solutions were separately heated to 50 oC under 
stirring, and then, they were mixed and 10% NaOH solution was added to 
reach pH 10. The AgNPs solution with 0.5 mM Ag had a glucose:Ag mole 
ratio of 2.3:1.  

The AgNPs-citrat-tannic acid colloidal solutions with the mole ratios 
1:7:2 and 1:20:0.1 for Ag:C:T mole ratios, and a final Ag concentration of 
0.25 mM [17, 39] were prepared by heating up the 10-2 M AgNO3 solution 
until boiling, and then adding the solution containing the calculated amount 
of trisodium citrate and tannic acid (purchased from Merck). The solutions 
were kept boiling, under continuous stirring, for 15 min. 
 
Interaction of AgNPs with vancomycin 

 
Vancomycin hydrochloride (V, C66H75Cl2N9O24•HCl) was purchased 

from Xellia Pharmaceuticals ApS Denmark, and a 500 mg/L aqueous 
solution (0.336 mM) was prepared and used in the subsequent experiments. In 
each experiment, 2 mL of AgNPs colloidal solution was used and different 
volumes of vancomycin solution (up to 1 mL) were successively added.  

The UV-VIS absorption spectra were measured with a Jasco UV/Vis 
V650 spectrophotometer, from 800 to 250 nm wavelength for the AgNPs 
colloidal solution and for the mixtures containing 2 mL AgNP solution and 
0.1; 0.2; 0.3; 0.5 and 1 mL V solution. The measurements for the last mixture 
were repeated after several days. For comparison, the interaction between 
a 0.5 mM AgNO3 solution with vancomycin solution was investigated in the 
same conditions. 
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