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We report herein a feasible study concerning synthesis, characterization 
and potential biomedical applications of silver nanoparticles with 
glutathione skeleton. The synthesis of nanoparticles is facile and 
efficient, using silver nitrate as the starting material, sodium 
borohydride as reducing agent and glutathione. The characterization of 
glutathione-stabilized Ag-NPs (GS-Ag-NPs) as well as the Ag-NPs 
used for comparison was performed by FT-IR, UV-VIS, AFM and 
SEM techniques. Ag-NPs were biologically active at concentrations 
less than 10-4 M, whereas GS-Ag-NPs were ineffective at the same 
concentrations. Moreover, depending on the particles size, 10-6 M 
concentrations of Ag-NPs stimulated microorganism growth, whereas 
the more concentrated suspensions (10-4 M) inhibited Escherichia coli 
(E. coli) growth. The biological implications of our data are discussed 
in the frame of current literature. 

 

 
 

INTRODUCTION1 

 The metal nanoparticles are used in 
bioapplications as therapeutics, transfection 
vectors, and fluorescent labels.1-4 Properties of 
metal nanoparticles are different from those of 
bulk materials made of the same atoms.5 Stable 
nanosize silver particles were spontaneously 
formed by reduction of aqueous metal salt 
solutions in the presence of sugar-persubstituted 
poly(amidoamine) dendrimers.6 However, most 
authors report on the reaction of silver nitrate with 
sodium citrate.7 Besides, a simple, green method 
was developed for the synthesis of gold and silver 
nanoparticles by using polysaccharides as 
reducing/stabilizing agents.8 Noble metal 
nanoparticles can also be obtained by evaporation 
of atoms on a metal surface using high energy 
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laser, followed by cooling them with nanoparticle 
formation9,10 or microwaves in the presence of poly 
(N-vinyl-2-pyrrolidone).11 In principle, the 
chemical agents commonly used to reduce silver 
ions are: aldehydes,12 sugars,8 hydrazine, H3PO2, 
NaBH4 and sodium citrate. Thus, silver 
nanoparticles can be synthesized by several 
methods such as chemical reduction using a 
reducing agent,13-20 or photochemical reduction.21,22 
A biological synthesis of quasi-spherical silver 
nanoparticles by using active pharmaceutical 
ingredients as the reducing and stabilizing agent 
was also reported.23 Controlling the size, shape, 
and structure of silver nanoparticles is 
technologically important because of the strong 
correlation between these parameters and optical, 
electrical, and their catalytic properties.24  
  
 

0,0

0,4

0,8

1,2

1,6

200 325 450 575 700

Wavelength (nm)

A
bs

or
ba

nc
e 

GS-Ag-NPs

Ag-NPs

GS-Ag-NPs + Cu(II)
λ 388;

A 0.645 
λ 393;

A 0.371 

λ 410;
A 0.279 

0,0

0,4

0,8

1,2

1,6

200 325 450 575 700

Wavelength (nm)

A
bs

or
ba

nc
e 

GS-Ag-NPs

Ag-NPs

GS-Ag-NPs + Cu(II)
λ 388;

A 0.645 
λ 393;

A 0.371 

λ 410;
A 0.279 



868 Manuela Murariu et al. 

 

In addition to their medical uses, Ag-NPs are 
also used in clothing, the food industry, paints, 
electronics and other fields.25-28 Despite their 
widespread use, there is a serious lack of 
information concerning the toxicity of Ag-NPs to 
humans and their underlying cellular actions. 
Nevertheless, some studies have shown that Ag-
NPs accumulation in the liver could induce 
cytotoxicity via oxidative cell damage.29-31 
However, silver nanoparticles exhibit cytoprotection 
towards HIV-1 infected cells,32,33 and also have the 
ability to modulate the cytokines involved in 
wound healing. A specific and protective role for 
silver ions in brain pathologies was related to their 
high affinity toward physiologically and 
pharmacologically active peptides, and their 
conformation change to large α-helices during 
silver binding.34  
 Glutathione (GSH) is a tripeptide (γ-Glu-Cys-
Gly) which contains a –SH group. This peptide can 
be easily adsorbed onto the surface of metal 
nanoparticles. GSH can bind heavy metals, 
solvents, and pesticides to be excreted in urine or 
bile.35 Several studies have recently been 
performed to understand the reactivity of 
glutathione in the presence of nanoparticles.36 
Glutathione proved to diminish the radiotoxic 
effect of radioactive mercury, whereas cystine had 
also a powerful protective effect.37-38 

 In spite of all these investigations, it is not yet 
clear how bacteria can interact with noble metal 
nanoparticles, and the relationship which is 
between the nanomaterial production and its 
antibacterial activity as well as the effect of 
glutathione and the reducing agents on the 
biological activity of the resulted nanomaterials. 

 Our study reports on the synthesis and the 
effect of silver nanoparticles on cellular growth of 
Escherichia coli (E. coli). In addition, we outline 
the impact of glutathione functionalization of these 
nanoparticles on living microorganisms in view of 
further biological applications. 

RESULTS AND DISCUSSION 

 Characterization of nanoparticles. The newly 
synthesized silver nanoparticles were characterized 
by SEM and AFM techniques, as well as FT-IR 
and UV-visible spectroscopy. The size of the 
obtained nanoparticles was found to be dependent 
on the procedure used to produce nanoparticles. On 
increasing temperature and decreasing the reaction 
time, smaller nanoparticles were obtained, whereas 
their absorption maximum shifts to shorter 
wavelengths. In addition, the nanoparticles partly 
aggregated to form larger aggregates (over 100 
nm), which were removed by centrifugation. Most 
Ag-NPs were 5-10 nm in size as SEM image 
revealed (Fig. 1). 
 However, we produced 10-14 nm-sized 
nanoparticles from silver having an absorption 
maximum of 388 nm (Fig. 2).  Glutathione 
binding to Ag-NPs induced a decrease in the 
absorption maximum from 0.645 to 0.393; the 
maximum was shifted to longer wavelengths by 5 
nm. Copper ion reaction with the glutathione 
bound on the particle surface produced an 
additional shift to 410 nm, indicating an increase in 
the particle size.  

  
 

 
Fig. 1 – SEM images of a) silver nanoparticles (Ag-NPs) and b) glutathione-stabilized silver nanoparticles (GS-Ag-NPs). 
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Fig. 2 – UV-Vis absorption spectra of silver nanoparticles  
as well as the glutathione-stabilized ones (C = 250 μM). 

  

 
Fig. 3 – Stability of GS-Ag-NPs: blue – immediately after synthesis,  

red – 48 hours later, green – 96 hours later. 
  

We found only the reduced form of glutathione 
(4% of initial GSH, the rest was probably bound to 
Ag-NPs). No oxidized glutathione was found. 
Therefore, the microorganisms used in the 
biological experiments are expected to interact 
with nanoparticle surface or with the glutathione 
bound to the nanoparticles. Once obtained, the 
resulted nanoparticles were centrifuged for 10 min 
at 6000 rpm, yet no pellet was observed. The 
obtained nanoparticles were also stable for a long 
time in solution, at room temperature. The 
suspensions of newly synthesized GS-Ag-NPs 
were stable up to several weeks (Fig. 3). 

Within another experiment, we noticed that 
glutathione does not change the absorbance of the 
colloidal solution of gold nanoparticles. However, the 
intense absorption at 210-220 nm revealed the 
presence of unbound glutathione. On the contrary, 
silver nanoparticles showed a characteristic 

absorption maximum at 388 nm and an additional 
absorption band at 524 nm, specific to larger 
nanoparticles (Fig. 4). Besides, this band was also 
observed but at lower concentrations (0.25 mM) and 
not at 1 mM, suggesting a process of nanoparticle 
aggregation. Following glutathione binding, the 
absorption band at 524 nm disappeared. 

FT-IR Spectroscopy. On comparing the 
spectrum of pure GSH with that of GS-Ag-NPs, a 
significant change was observed. The characteristic 
signal at 2524 cm-1 of SH group in the molecule of 
glutathione disappeared, denoting the formation of a 
S-Ag bond (Fig. 5) or a S-S one. Since oxidized 
glutathione was not detected in the presence of the 
GS-Ag-NPs, GSH was probably modified onto the 
surface of silver nanoparticles via the reaction of thiol 
group in the cysteine moiety of GSH with silver ion. 
Our results are in agreement with those previously 
reported in the literature.40, 41 
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Fig. 4 – UV-Vis spectra of silver nanoparticles before and after the treatment with glutathione (C = 1 mM). 

 

 
Fig. 5 – FT-IR spectra of glutathione-stabilized silver nanoparticle, free glutathione and sodium borohydride (in KBr solid). 

 
In brief, FT-IR spectrum of GS-Ag-NPs 

showed several intense and characteristic signals 
such as those at 1699 cm-1, 1421 cm-1, 2968 cm-1, 
and 3311 cm-1. Silver nitrate alone had a very 
intense peak at 1383 cm-1, characteristic to the 
nitrate ion, and some other important signals at 825 
cm-1, 1763 cm-1, 2393 cm-1, and 2731 cm-1, 
respectively. The most intense signal (1383 cm-1) 
of AgNO3 did not influence the GS-Ag-NPs 
spectrum, since it was not found in this spectrum. 
This suggests that nitrate ion was removed during 
the GS-Ag-NPs formation. The signal at 1421 cm-1 
may be generated by the borohydride anion (1423 
cm-1), which remained partly bound to the 
nanoparticle surfaces, and, obviously, by the bound 
glutathione (1394 cm-1). The peak at around 1629 
cm-1 may be related to peptide backbone of 
glutathione, whereas glutathione fingerprint was 

seen at 1078 cm-1 and 1332 cm-1. The vibration of 
C-H bond has generated two intense peaks at 2918 
cm-1 and 2939 cm-1, probably due to glutathione 
adhesion to the nanoparticles. 

The most important signal in the GS-Ag-NPs 
spectrum was found at 1699 cm-1 and was assigned 
to COOH group, which vibrates at 1712 cm-1 in the 
free glutathione molecule. 
 Atomic Force Microscopy. The size of silver 
nanoparticles, their morphology and the size 
distribution were determined by AFM. For this 
purpose, the Ag-NPs were placed on the special 
glass plate surface previously examined by AFM, 
covered by silver nanoparticles suspension, dried 
and imaged by AFM. Most nanoparticles sized 
below 20 nm; however they made 50 nm diameter 
aggregates (Fig. 6). 
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Fig. 6 – AFM images: a) glutathione; b) silver nanoparticles. 

 
Table 1 

The effect of Ag-NPs and GS-Ag-NPs on E. coli growth expressed as optical density of bacterial suspensions.  
Optical cell density was measured at 580 nm in triplicate 

Treatment/ 
Concentration GSH Ag-Nps GS-Ag-NPs D (Tukey test) Control, H2O 

10−6 M 0.678±0.043 0.763±0.054* 0.714±0.047 0.055 0.675±0.021 
10−5 M 0.648±0.051 0.690±0.052 0.707±0.039 0.049 0.675±0.021 
10−4 M 0.589±0.041 0.583±0.050* 0.611±0.048 0.065 0.675±0.021 
* Statistically significant differences 
 
 Morphological analysis of surfaces confirmed 
the formation of nanoparticles, which crowded 
when allowed to stay for 48 hours in aqueous 
suspensions, forming relatively large aggregates 
(20-150 nm) with different shapes.  
 Effect of silver nanoparticles on bacterial 
growth. Biological properties of GS-Ag-NPs were 
followed at concentrations below 10-4 M (Table 1). A 
volume of 100 ml of the pre-culture has been treated 
with 5 ml glutathione, and 5 ml colloidal silver 
nanoparticles stabilized with glutathione. In this 
respect, three different nanoparticles concentration, 
10-6 M, 10-5 M, and 10-4 M were used for treatment. 
Optical density of pre-culture at 580 nm was only 
0.032, whereas that of control was 0.675.  
 Contrary to the literature data, the free 
nanoparticles, kept in suspension for 48 hours at 
concentrations of 10-5 M or lower, showed no toxic 
effect on bacteria studied. Moreover, silver 
nanoparticles at a concentration of 10-6 M had even 
a stimulatory action on the growth of microorgan-
isms. Generally, Ag-NPs release silver ions, which 
make an additional contribution to the bactericidal 
effect.42, 43 Indeed, Ag-NPs (where silver is present 
in the Ag0 form) also contain small concentrations 
of Ag+, and both Ag+ and Ag0 contribute to the 
antibacterial activity. The antibacterial effect of 
Ag-NPs at higher concentrations was found to be 
similar to that described in the earlier reports.44 
However, only Ag-NPs caused a severe decrease in 
bacterial density, probably due to aggregation and 

formation of precipitates on the nanoparticles 
surface. Therefore, we explained such results by 
the aggregation effect of silver nanoparticles and 
not by Ag+ ions released from them.  
 The effect of 0.5 mM of colloidal solutions of 
nanoparticles on E. coli sedimentation was followed 
spectrophotometrically (Table 2). The values 
corresponding to the optical density of nanoparticles 
mixed with the suspensions of 21 h-old E. coli were 
subtracted from those of the samples. 

Removing the E. coli cells was almost complete 
by centrifugation at 2500-3000 rpm. Since a few 
cells may be present in the suspensions treated 
with nanoparticles after the centrifugation at 3000 
rpm, over 67% of the Ag-NPs was removed 
together with E. coli cells at this centrifugation 
rate. Following the same hypothesis, over 53 
percent of Ag-NPs was removed by the cells at 
2500 rpm.  To calculate the percentage of Ag-NPs 
bound to the removing E. coli cells, we took into 
consideration the difference between the optical 
density of Ag-NPs treated suspensions and that of 
the control. Upon adding silver nanoparticles, the 
optical density of the suspension has decreased by 
only 6.9%. The centrifugation at 1000 rpm resulted 
in a decrease in the optical density by 33.1%, 
which means that the percent of Ag-NPs could be 
between 0 and 33.1%. On the contrary, GS-Ag-
NPs were not significantly released from the 
suspension by centrifugation at any rate. 
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Table 2 

The effect of 0.5 mM of colloidal solutions of Ag-NPs and GS-Ag-NPs on E. coli sedimentation by centrifugation. Optical density of 
E. coli samples mixed with equivalent volumes of 1 mM nanoparticles was measured at 580 nm 

Centrifugation rate (rpm) 
Sample 

0 1000 1500 2000 3000 

Control 
Ag-NPs 

GS-Ag-NPs 

1.32 
1.23 
1.30 

1.18 
0.79 
1.11 

0.52 
0.18 
0.49 

0.10 
-0.23 
0.09 

0.04 
-0.29 
0.00 

  
Important biological applications have been or 

are being developed from silver nanoparticles. 
However, their cytotoxicity remains a major 
concern, while different classes of bacteria exhibit 
different susceptibilities to nanoparticles.42 Our 
experiments revealed a behavioral pattern of 
cytotoxicity as a function of the size, type, and the 
preparation protocol of nanoparticles. However, 
the living microorganisms being extremely critical 
requires the fundamental understanding on the 
influence of inorganic nanoparticles on cellular 
growth and functions. During the absorption 
process, the nanostructures may interact with many 
biological components.45 Therefore, the 
development of predictive models of nanostructure 
toxicity is needed. We showed here the 
aggregation process of E. coli in the presence of 
NPs, which depends on the NPs type. Some 
authors demonstrated that the metal nanoparticles 
show high tendency for incorporation within 
bacterial cells with the least possibility of 
cytotoxicity.42 The involvement of the 
nanoparticles on the bacterial physiology might be 
related to a DNA nanoparticle interaction.  
  Excessive production of ROS in the cell is known 
to induce apoptosis.46, 47 ROS generation has been 
shown to play an important role in apoptosis induced 
by treatment with Ag-NPs.48-50 It is also known that 
upon association with the nanoparticles, proteins 
undergo conformational changes, whereas the 
thickness of the adsorbed protein layer progressively 
increases with NP size.48 

MATERIALS AND METHODS 

 Materials. All chemicals used were of 
analytical grade or of the highest purity available. 
All solutions were prepared with milliQ grade 
water. Silver nitrate and copper sulfate were 
purchased from Merck, whereas sodium 
borohydride from Aldrich (Milwaukee, WIS, 
USA), and glutathione from Fluka (Steinheim, 
Germany), Escherichia coli - DH5α from a T7 
Express Sampler, New England, and BioLabs.  

 Instruments. UV–Vis absorption spectra were 
acquired on a LIBRA S35 PC UV/VIS 
spectrophotometer in 1-cm quarz cuvettes. 
Typically, we measured the optical absorbance in 
the range from 200 to 700 nm, and recorded the 
wavelength of the absorbance peak, λmax. Scanning 
Electron Microscopy was performed using a 
Quanta 200 microscope equipped with elemental 
analysis system EDAX. FT-IR spectra were 
recorded with a Shimadzu Model 8400S FTIR 
spectrophotometer. Atomic Force Microscopy 
images were taken with a SPM Solver PRO-M 
AFM (NT-MTD Co. Zelenograd, Moscow), using 
the tapping mode.  
 Methods. Synthesis of silver nanoparticles was 
carried out as follows: A volume of 20 mL of 3 
mM sodium borohydride (NaBH4) was poured into 
an Erlenmeyer flask and cooled in an ice bath on a 
stir plate. Then, 20 mL of 1 mM silver nitrate was 
dropped into the stirring NaBH4 solution at 
approximately 1 drop per second. Separately, a 
similar suspension of Ag-NPs was prepared, in 
which 20 mL of 1 mM glutathione was dropwise 
added. The obtained mixtures were subjected to 
over constant stirring for two hours. 
 FT-IR spectroscopy. Both Ag-NPs and the 
stabilized ones, as well as the precursors were 
studied using infrared spectroscopy. Spectra were 
acquired from 1-2 mg sample mixed with KBr and 
formed into a disk-shaped pellet. All spectra were 
recorded in the frequency region 500 – 4000 cm-1, 
under a resolution of 2 cm-1, with a scanning speed 
of 2 mm sec-1, and 20 scans per sample.  
 Atomic Force Microscopy. Microscope plates 
were degreased with alcohol and acetone and dried 
in an oven at 70 °C for 2 hours. Approximately 50 
μl of sample solution was deposited on glass 
microscope plate, dried at room temperature, in a 
small covered Petri dish to avoid sample 
contamination. Samples were then left to dry 
overnight, and images were taken at room 
temperature, using “tapping” mode.  
 Scanning Electron Microscopy. To create an 
SEM image, the incident electron beam was 
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scanned in a raster pattern across the sample 
surface. The emitted electrons were detected for 
each position in the scanned area by an electron 
detector. The intensity of the emitted electron 
signal was displayed as brightness on a cathode ray 
tube (CRT). By synchronizing the CRT scan to 
that of the scan of the incident electron beam, the 
CRT display represents the morphology of the 
sample surface area scanned by the beam. 
Magnification of the CRT image is the ratio of the 
image display size to the sample area scanned by 
the electron beam. 
 Testing the biological activity. Test cells of 
Escherichia coli (E. coli) were separately grown in 
50 mL sterilized Luria Bertani broth medium (LB:  
10 g Bacto Tryptone, 5 g Yeast Extract, 5 g NaCl in 1 
L; pH adjusted to 7.0) and kept in shaker incubator at 
37 °C for 13 hour (overnight incubation). On the 
subsequent day, the cultures of test organisms were 
transferred at the rate of 1% in 20 mL LB broth kept 
in 100 mL Erlenmeyer flasks. Volumes of 2 mL of  
1 mM silver nanoparticles as well as the 
corresponding glutathione stabilized Ag-NPs were 
carefully placed into each flask, leaving one as a 
control to track the normal growth of the microbial 
cells without nanoparticles. Experiments were 
performed using a colloidal solution of nanoparticles 
as control (flask containing nanoparticles plus 
media). The flasks were incubated at 100 rpm and  
37 °C in a shaker incubator. The optical density 
measurements from each flask have been performed 
every each hour for monitoring the bacterial growth.  
 In another experiment, pre-cultured E. coli was 
inoculated at 37 °C in the liquid medium (0.33 mL 
LB 2X, 0.33 mL DH5α and 0.33 mL H2O) and 
incubated for 12 hours. The cell density was 
determined by reading the absorbance at 580 nm 
with a spectrophotometer.  
 The effect of silver nanoparticles on E. coli has 
been studied under the same conditions.  
 Statistics. The data collected were statistically 
analyzed using Tukey’s test.39   

CONCLUSIONS 

 The investigation on the formation of silver 
nanoparticles fits into a more general study of the 
reactions of biological compounds or microorgan-
isms with metallic ions. Ag-NPs can be utilized for 
beneficial biological application but significantly 
they also possess potential to produce ecotoxicity, 
challenging the ecofriendly nature of nanoparticles. 

Glutatione functionalization of noble metal Ag-
NPs may improve their biological activity. 
 GSH-Ag NPs described in this work are 
prepared by reduction of silver nitrate in the 
presence of GSH. The Ag-NPs thus prepared tend 
to aggregate together upon addition of Ag+ due to 
the strong coordination bond between Ag+ and – 
NH2, –COOH of glutathione modifier. The 
aggregation leads to significant shifting in the 
absorption spectrum with concomitant visible color 
changes from yellow to deep orange and provides a 
simple and inexpensive means for the 
determination of Ag+ ions.  
 The tests made with silver nanoparticles on E. coli 
revealed an aggregation process which could be 
important to understand their biological properties. 
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