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The emergence of multidrug-resistant bacteria is a global threat for human society. There exist recorded data that silver was used
as an antimicrobial agent by the ancient Greeks and Romans during the 8th century. Silver nanoparticles (AgNPs) are of poten-
tial interest because of their effective antibacterial and antiviral activities, with minimal cytotoxic effects on the cells. However,
very few reports have shown the usage of AgNPs for antibacterial therapy in vivo. In this study, we deciphered the importance of
the chosen methods for synthesis and capping of AgNPs for their improved activity in vivo. The interaction of AgNPs with se-
rum albumin has a significant effect on their antibacterial activity. It was observed that uncapped AgNPs exhibited no antibacte-
rial activity in the presence of serum proteins, due to the interaction with bovine serum albumin (BSA), which was confirmed by
UV-Vis spectroscopy. However, capped AgNPs [with citrate or poly(vinylpyrrolidone)] exhibited antibacterial properties due to
minimized interactions with serum proteins. The damage in the bacterial membrane was assessed by flow cytometry, which also
showed that only capped AgNPs exhibited antibacterial properties, even in the presence of BSA. In order to understand the in
vivo relevance of the antibacterial activities of different AgNPs, a murine salmonellosis model was used. It was conclusively
proved that AgNPs capped with citrate or PVP exhibited significant antibacterial activities in vivo against Salmonella infection
compared to uncapped AgNPs. These results clearly demonstrate the importance of capping agents and the synthesis method for
AgNPs in their use as antimicrobial agents for therapeutic purposes.

In the last decade, nanotechnology has emerged as one of the
fastest growing areas of science and technology. Its wide array of

applications in various fields as diverse as agriculture, electronics,
and the military is a testament to this exponential growth. But
what makes nanotechnology all the more appealing are the nu-
merous advantages it provides to the medical sector, such as the
roles of nanoparticles in drug delivery, molecular imaging, and
therapy, as well as the development of materials and devices with
antimicrobial properties (1–3).

Since the 18th century, silver in the form of silver nitrate, silver
sulfadiazine, etc., has been in use for the treatment of burns,
wounds, and other bacterial infections (4–6). This property led to
silver being incorporated into various bactericidal applications.
Numerous methods have been formulated for the synthesis of
AgNPs, such as reduction of silver ions on the surface of function-
alized silica (7, 8), silver ions reduced in mesoporous silica, and in
the presence of stabilizers in aqueous solution (9) leading to the
formation of silver-incorporated nanoparticles. Nanoparticles
have come to the forefront due to their distinctive physical, chem-
ical, and biological properties, which arise from their high surface
area-to-mass ratio (10, 11). Various methods have been adapted
for the synthesis of AgNPs, and the antibacterial activities of the
AgNPs vary with the different synthesis methods. Capping agents
are also used for the stabilization of the nanoparticles, and the
capped AgNPs exhibit better antibacterial activity than uncapped
AgNPs (12–14). Although the antibacterial properties of silver
ions are well established, there are various hypotheses regarding
the mechanism of action. There have been reports that the depo-
sition of silver on the cell wall affects the permeability (15) and
formation of electron-dense granules (16, 17). Other studies have
indicated the inability of DNA to replicate after treatment with
silver ions and the inactivation of enzymes via reaction with thiol

groups (18, 19). Vibrio cholerae and Escherichia coli experience a
massive proton leakage through the membrane that leads to the
collapse of the proton motive force (20, 21). AgNPs display potent
antibacterial and bactericidal properties, not only against Gram-
positive and Gram-negative bacteria in general but also against
methicillin-resistant bacterial strains (22). AgNPs have been
found to exhibit antibacterial activities at a very low concentration
(1.69 �g/ml) and exhibit synergistic activities with different
classes of antibiotics, such as �-lactams (penicillin and amoxicil-
lin), lincosamides (clindamycin), and macrolides (erythromycin)
(23). Studies have proved that the antibacterial efficacies of AgNPs
are size and shape dependent, with truncated triangular shapes
showing bacterial inhibition with a silver content of 1 �g, while
12.5 �g and 50 to 100 �g required for spherical and rod-shaped
particles, respectively (5, 24). Similarly, size was also found to play
a significant role, as more particles come in contact with the bac-
terial cells when there is a large total surface area (25).

The action of AgNPs evokes inflammatory responses in the
host due to the generation of reactive oxygen species (ROS). This
in turn induces oxidative stress, which leads to apoptosis and an
increase in the transcription of proinflammatory cytokines due to

Received 19 March 2013 Returned for modification 19 April 2013
Accepted 18 July 2013

Published ahead of print 22 July 2013

Address correspondence to Dipshikha Chakravortty, dipa@mcbl.iisc.ernet.in.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00152-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00152-13

October 2013 Volume 57 Number 10 Antimicrobial Agents and Chemotherapy p. 4945–4955 aac.asm.org 4945

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
01

 F
eb

ru
ar

y 
20

23
 b

y 
10

3.
87

.9
4.

23
4.

http://dx.doi.org/10.1128/AAC.00152-13
http://dx.doi.org/10.1128/AAC.00152-13
http://dx.doi.org/10.1128/AAC.00152-13
http://aac.asm.org


activation of the c-Jun N-terminal kinase pathway (26). In spite of
all these advantages, various studies have found that long-term
use of a low concentration of silver ions in wound dressings can
lead to increased resistance of Staphylococcus aureus to silver (27).

One of the major health issues of the modern world is the
danger posed by food-borne diseases, for which Salmonella en-
terica is one of the most prevalent agents. Salmonella enterica is a
Gram-negative, intracellular, non-spore-forming bacillus of the
Enterobacteriaceae family and causes a wide array of symptoms,
such as gastroenteritis, bacteremia, and typhoid fever (28). These
bacteria translocate across the epithelial cells via a Salmonella
pathogenicity island 1 (SPI 1)-dependent mechanism, after which
they infect macrophages and, prior to dissemination, remain in-
side vacuoles (29, 30). Among the numerous drugs in vogue, fluo-
roquinolones, such as ciprofloxacin, and broad-spectrum cepha-
losporins, such as ceftriaxone and ceftiofur, are the drugs of choice
to combat typhoid fever. The MIC of ciprofloxacin for S. enterica
serovar Typhimurium ATCC 14028 is �0.02 �g/ml, and Salmo-
nella strains having MICs of �1 �g/ml are categorized as suscep-
tible strains. The biggest bane in the present scenario is the emer-
gence of multidrug-resistant Salmonella (31–33). Recent studies
have demonstrated that the AgNPs exhibited antibacterial prop-
erties by virtue of the generation of ROS at the contact surfaces
(34–36). Nevertheless, very few studies have shown the usage of
AgNPs as a therapeutic agent in vivo (37–39). In this study, we
demonstrate an important phenomenon of interaction of AgNPs
with serum proteins, which hinder the antibacterial properties of
these particles. Further, we demonstrate that use of capping agents
reduces the particles’ interactions and restores their antibacterial
activity. The potency of AgNPs is based on the type of capping
agent used.

MATERIALS AND METHODS
The chemicals used in this study were purchased from Sigma-Aldrich
unless otherwise mentioned.

Synthesis of silver nanoparticles. (i) Chemical reduction method.
Uncapped AgNPs were prepared by reducing Ag1� to Ag0 (40). Briefly, 1
mM AgNO3 solution was added dropwise to 2 mM NaBH4 at 4°C with
vigorous stirring at 300 rpm. The change of color to golden yellow (due to
surface plasmon resonance) indicated the formation of AgNPs. The pres-
ence of a typical plasmon resonance peak in the wavelength range of 380 to
420 nm confirmed the formation of AgNPs. In order to ensure the reduc-
tion of all silver ions, an excess amount of reducing agent (NaBH4) was
used. Subsequently, AgNPs were dialyzed (2-kDa cutoff) to remove any
traces of other compounds. Energy dispersive analysis using X-rays was
performed during scanning electron microscopic (SEM) analysis to check
the purity of the nanoparticles.

(ii) Citrate-capped silver nanoparticles. Citrate-stabilized AgNPs
(Cit-AgNPs) were prepared by the Turkevich method (41). Briefly, 1 mM
AgNO3 solution in deionized water was boiled, and sodium citrate solu-
tion was added dropwise. The change of color to a grayish yellow indicated
the formation of AgNPs. The solution was boiled for an additional 15 min
and then cooled to 25°C, followed by dialysis before use for further exper-
iments.

(iii) PVP-capped silver nanoparticles. AgNPs coated with poly(vi-
nylpyrrolidone) (PVP-AgNPs; Mw of 40,000; Fisher Scientific) were pre-
pared as described previously (42). Briefly, 30 ml ethylene glycol was
heated at 150°C for 1 h, and 2.5% PVP solution (10 ml in ethylene glycol)
was added. Subsequently, 3 mM NaS (0.4 ml in ethylene glycol) and 280
mM AgNO3 (2.5 ml in ethylene glycol) were added. The temperature was
maintained at 150°C for 15 min and then allowed to cool to 25°C. Ten
milliliters of acetone and 10 ml of Milli-Q water were added, and the
mixture was centrifuged at 8,000 � g. After four repeated washes, AgNPs

were resuspended in deionized water and used for the experiments after
dialysis.

AgNP concentrations, zeta potential, and size distribution measure-
ments. AgNP concentrations were measured by using atomic absorption
spectrometry (PerkinElmer 2380) with a heated graphite automizer fur-
nace and autosampler AS/71. The sample was analyzed at a 328.1-nm
wavelength. For AgNPs, the limit of detection was 0.1 �g/ml. The stan-
dard curve was obtained using commercial AgNPs with sizes of 60 nm and
100 nm (Sigma-Aldrich). The particle size distribution and zeta potential
were measured by using a Zetasizer Nano ZS apparatus (Malvern, South-
borough, MA). In order to measure the charges of the AgNPs, the zeta
potential was measured after dialysis.

Bacterial strains used in this study. Salmonella enterica serovar
Typhimurium (ATCC 14028), Salmonella enteria serovar Typhi strain
Ty2 (ATCC 700931D), Shigella flexneri (MTCC 1457), Listeria monocyto-
genes (MTCC 839), and Staphylococcus aureus (ATCC 25923) were used in
this study. S. Typhimuruym, S. Typhi, S. flexneri, and S. aureus were
grown in Luria-Bertani (LB) broth, and L. monocytogenes was grown in
brain heart infusion (BHI) broth at 37°C with aeration.

Determinations of MICs and MBCs. MICs of different AgNPs were
determined by using the broth microdilution method with different bac-
teria (43, 44). Initially, geometric dilutions (96, 48, 24, 12, 6, 3, 1.5, 0.75,
and 0.37 �g/ml) were used, and subsequently arithmetic dilutions (1 to 12
�g/ml) were used to narrow down the differences in MIC values. Aliquots
of 100 �l of serially diluted AgNPs in deionized water were added to 100 �l
of suspension containing 1 � 105 bacteria in defined 2� M9 medium in
96-well plates (n � 6) (44). The plates were incubated at 37°C for 24 h, and
the lowest concentration showing no visible growth was recorded as the
MIC. From the clear wells, 100 �l of each sample was subcultured to 1 ml
of fresh medium, incubated at 37°C for 12 h, and plated in LB agar to
determine the minimum bactericidal concentration (MBC).

Antibacterial activities of silver nanoparticles. MICs of different
AgNPs were added to 1 � 108 bacteria in 5 ml of phosphate-buffered
saline (PBS) and incubated for 2 h with shaking at 37°C. After the incu-
bation, the cultures were serially diluted and plated to check the antibac-
terial activities of the AgNPs.

Growth curve of Salmonella Typhimurium in the presence of silver
nanoparticles. S. Typhimurium at stationary phase was inoculated into
different media (LB, M9 medium, and RPMI 1640 medium [Sigma]) at a
1:100 dilution (5 � 107 bacteria in 5 ml). MICs of AgNPs was added to the
media, and the growth of bacteria was evaluated by measuring the optical
density (OD) at 600 nm at different time points. RPMI was used as a
model for a defined medium without any proteins as the nutrient source.

Silver nanoparticle activity in the presence of blood, serum, plasma,
and BSA. A total of 1 � 108 S. Typhimurium or S. Typhi cells were incu-
bated with MICs of different AgNPs for 2 h in blood, serum, plasma
(mouse and human), or 3% bovine serum albumin (BSA) in PBS, plated
in LB agar, and incubated at 37°C to check the antibacterial activities of the
AgNPs in the presence of these compounds. In the case of blood, EDTA-
coated microcentrifuge tubes were used to avoid coagulation.

Silver nanoparticle interactions with BSA. Uncap-AgNPs, Cit-
AgNPs, and PVP-AgNPs (10 �g/ml) were incubated with different con-
centrations of BSA (0.5 to 3.0%) in deionized water at room temperature
for 1 h, and the absorption spectrum (300 to 600 nm) was measured using
a UV-Vis spectrophotometer (Optizen-3220UV; Daejeon, South Korea).
The solution was made such that the AgNP concentration was the same
under all conditions. To determine the binding parameters, uncap-
AgNPs, Cit-AgNPs, and PVP-AgNPs (10 �g/ml) were incubated with
different concentrations of BSA (0 to 10.0%) in deionized water at room
temperature for 2 h in 96-well plates. Briefly, 96-well plates were first
coated with different concentrations of BSA, and the binding of BSA to the
wells was confirmed by estimating the protein concentrations (Bradford
method) in the wells after washing. After incubation with different
AgNPs, the supernatants were collected to measure the concentration of
unbound AgNPs by using an atomic absorption spectrophotometer.
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Scanning electron microscopy. S. Typhimurium (1 � 108 bacteria/
ml) was incubated with different AgNPs (at their MICs) in the presence
and absence of 3% BSA for 2 h. After the treatment, bacteria were fixed
with glutaraldehyde and dehydrated with increasing concentrations of
ethanol for 2 min each. The samples were then stored under vacuum until
use. Prior to analysis by field emission-SEM (FEI-Sirion, Eindhoven,
Netherlands), the samples were subjected to gold sputtering (JEOL JFC
1100E ion sputtering device).

Flow cytometric analysis. Changes in the membrane potential of S.
Typhimurium in the presence of AgNPs were assessed by using the mem-
brane potential-sensitive dye bis-(1,3-dibutylbarbituric acid) trimethine
oxonol [DiBAC4(3)] as described elsewhere (45). Briefly, logarithmic-
phase S. Typhimurium (107 CFU/ml) cells were incubated with different
AgNPs (at the corresponding MICs) in the presence and absence of 3%
BSA at 37°C for 2 h. Cells were collected by centrifugation (6,000 � g for
10 min), 500 �l DiBAC4(3) (1 �g/ml) was added, and the mixture was
incubated at 25°C for 5 min in the dark. The cells were washed and sub-
jected to flow cytometric analysis (BD FACSCanto II), and the data were
analyzed with WinMDI 2.9.

MTT assay. The in vitro cytotoxicities of different AgNPs were as-
sessed using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay in RAW 264.7 and intestine 407 cell lines (kind gifts
of M. S. Patole, National Center for Cell Science, Pune, India, and Syamal
Roy, IICB, Kolkatta, India). All cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) supplemented with 10% fetal
calf serum (Sigma) at 37°C and 5% CO2. Cells were counted with a he-
mocytometer, and 5 � 104 cells were seeded in 96-well plates and incu-
bated for 8 h. The cells were incubated with various concentrations of
AgNPs in the presence and absence of serum (10%) for 24 h. After incu-
bation and washes with PBS, 20 �l of MTT dye (5 mg/ml) was added to
each well, and the mixtures were kept for 4 h at 37°C. The percentage of
cell viability was determined at 570 nm and is reported relative to that for
cells that were not treated with AgNPs (46).

Trypan blue exclusion assay. A trypan blue exclusion assay (47) was
performed to check the cytotoxicity of different AgNPs for RAW 264.7
and intestine 407 cell lines. A total of 1 � 105 cells were seeded in a 24-well
plate. The cells were incubated with 10 �g/ml and 50 �g/ml of AgNPs in
the presence and absence of serum (10%) for 24 h in DMEM. The cells
were trypsinized and centrifuged for 5 min at 100 � g. The cell pellet was
resuspended in 1 ml of PBS, and 10 �l of cell suspension was mixed with
10 �l of 0.4% trypan blue and incubated for 3 min at room temperature.
The number of dye-excluding cells was counted by using a hemocytome-
ter. A minimum of 200 cells were counted, and the percent viability was
calculated in comparison to the control.

Intracellular concentrations of AgNPs. Uncap-AgNPs, Cit-AgNPs,
and PVP-AgNPs (10 �g/ml) were incubated with RAW 264.7 and intes-
tine 407 cell lines for 2 h in DMEM (without serum) in the presence and
absence of 3% BSA. After incubation, the supernatant was collected to
measure the extracellular AgNP concentration. The extracellular medium
was centrifuged at 50,000 � g, and the AgNPs were resuspended in deion-
ized water. The AgNP concentration (in extracellular medium) was deter-
mined by atomic absorption spectrophotometer as described earlier. The
internal concentration and percent uptake were calculated by subtracting
the concentration of input AgNPs from the remaining AgNPs in the ex-
tracellular medium.

Gentamicin protection assay. For the gentamicin protection assay,
cells were counted with a hemocytometer, and 1 � 105 cells (RAW 264.7
or intestine 407) were seeded per well in a 24-well plate and incubated for
8 h. The S. Typhimurium strain was grown to stationary phase in LB for
the infection of RAW 264.7 cells. Stationary-phase cultures (S. Typhimu-
rium and S. Typhi) were diluted 1:33 in LB and grown for 3 h (late expo-
nential phase) for infection of epithelial cells (intestine 407). This was
done to induce the SPI-1 genes required for invasion of nonphagocytic
cells (29). The gentamicin protection assay was performed as described
previously (48). Briefly, RAW 264.7 and intestine 407 cells were infected

with Salmonella (multiplicity of infection [MOI], 10) and incubated for
30 min, after which the data time points began. After repeated washes with
PBS, DMEM containing gentamicin (100 �g/ml) was added, and cells
were incubated for 1 h to kill all extracellular bacteria. Then, different
AgNPs were added (10 �g/ml) and incubated for 1 h in DMEM (with or
without serum/BSA) that contained gentamicin (25 �g/ml). At 2 h and 16
h, cells were lysed with 0.1% Triton X-100 and plated on LB agar for
bacterial counts. The change in intracellular replication was calculated by
dividing the intracellular bacterial load at 16 h by the bacterial load at 2 h.

In vivo experiment. BALB/c mice were bred and housed at the Central
Animal Facility at the Indian Institute of Science. The mice used for the
experiments were 6 to 8 weeks old. All procedures with animals were
carried out in accordance with the institution ethics for animal handling.
Mice were infected with S. Typhimurium orally (1 � 107 CFU/mouse; 5
mice in each group). Single doses of different AgNPs and a PBS control
were administered orally (100 mg/kg of body weight) or intravenously
(i.v.; 20 mg/kg) daily for 3 days. Ciprofloxacin (10 mg/kg) was used as the
positive control. The mice were sacrificed after 4 days, and the liver,
spleen, and mesenteric lymph nodes (MLN) were aseptically isolated,
weighed, and homogenized in sterile PBS. The homogenate was plated in
serial dilutions on salmonella-shigella (SS) agar to determine the bacterial
load in various organs. The CFU was determined, and results are pre-
sented as the CFU per gram of organ.

Survival assay. Cohorts of mice (8 per group) were treated with dif-
ferent AgNPs or ciprofloxacin (10 mg/kg) orally or intravenously for 4
days after S. Typhimurium infection (108 CFU/mouse [oral administra-
tion group]). The animals were checked for morbidity and mortality twice
daily for 15 days.

Statistical analysis. For analyzing data, the data were subjected to
statistical analysis by applying Student’s t test, the Mann-Whitney U test,
and log rank test by using commercially available GraphPad Prism 5 soft-
ware. A P value of �0.05 was considered significant.

RESULTS
The antibacterial activities of AgNPs are strongly dependent on
the capping of AgNPs. The antibacterial properties of AgNPs are
used in medical applications to avoid microbial infections. Ini-
tially, we synthesized AgNPs by the chemical reduction method,
and uncap-AgNPs did not show any antibacterial effect against
Salmonella when tested in LB broth (data not shown). However,
efficient killing of bacteria was observed when PBS was used in-
stead of LB broth (Fig. 1A). Since the antibacterial property of
AgNPs is crucial for many applications in the medical field, we
further synthesized different AgNPs to understand the underlying
mechanism. In the study, we synthesized 3 different types of
AgNPs, namely, uncap-AgNPs by the chemical reduction method,
Cit-AgNPs, and PVP-AgNPs. The size distribution of AgNPs was
studied by using dynamic light scattering (DLS). The size distri-
butions of uncap-AgNP (75 � 4.5 nm [mean � standard devia-
tion, or SD]), Cit-AgNP (82 � 5.2 nm), and PVP-AgNP (86 � 6.7
nm) showed comparable size ranges. The antibacterial properties
of these nanoparticles against different Gram-negative and Gram-
positive bacteria were analyzed. The Cit-AgNPs and PVP-AgNPs
were found to exhibit the antibacterial property in LB broth,
which might be due to either prevention of interaction of AgNPs
via components of LB or prevention of agglomeration of these
particles. Subsequently, experiments were carried out to under-
stand the mechanism behind the aforementioned observation.
MICs and MBCs of these different nanoparticles were established
against Gram-negative (S. Typhimurium, S. Typhi, and Shigella)
as well as Gram-positive (Listeria monocytogenes and S. aureus)
bacteria (Tables 1 and 2). The MICs of different AgNPs ranged
from 6 to 8 �g/ml. An earlier report suggested that AgNPs of 70
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nm to 100 nm exhibit similar MICs against different bacteria (49).
The MICs of different AgNPs were used for other in vitro experi-
ments. Initially, the antibacterial properties of AgNPs were as-
sessed in different pathogens, and we used S. Typhimurum as a

model system to verify the role of capping agents in the AgNPs
antibacterial property.

When different AgNPs were incubated with 108 bacteria/ml for
2 h in PBS, the AgNPs were able to kill the bacteria. All the AgNPs

FIG 1 Antimicrobial activity of AgNPs. The antimicrobial activities of uncap-AgNPs, Cit-AgNPs, and PVP-AgNPs against different Gram-negative [S. Typhi-
murium (A), S. Typhi (B), and S. flexneri (C)] and Gram-positive [L. monocytogenes (D) and S. aureus (E)] species were tested in PBS with AgNPs (based on the
MICs). The growth curve for S. Typhimurium was established in LB (F) and M9 medium (G) by subculturing overnight LB broth-grown cells at 1:100 in the
respective medium.

TABLE 1 MICs of different silver nanoparticle preparations

AgNPs
preparation

MICa (�g/ml)

S. Typhimurium S. Typhi S. flexneri L. monocytogenes S. aureus

Uncap-AgNP 6.00 � 0.50 6.33 � 0.29 7.00 � 0.50 7.33 � 0.29 7.33 � 0.29
Cit-AgNP 6.33 � 0.76 6.33 � 0.58 6.67 � 0.29 7.50 � 0.50 7.67 � 0.58
PVP-AgNP 6.33 � 1.04 6.83 � 0.29 6.67 � 0.58 7.67 � 0.58 7.83 � 0.76

a Data (means � SD) were obtained from geometric dilutions of different AgNPs.

TABLE 2 MBCs of different silver nanoparticle preparations

AgNPs
preparation

MBCa(�g/ml)

S. Typhimurium S. Typhi S. flexneri L. monocytogenes S. aureus

Uncap-AgNP 7.17 � 0.29 7.67 � 0.29 8.00 � 0.50 9.17 � 0.29 8.83 � 0.76
Cit-AgNP 7.17 � 0.76 7.83 � 0.76 8.17 � 0.29 8.83 � 0.76 9.00 � 0.50
PVP-AgNP 7.67 � 0.58 7.50 � 0.50 8.17 � 0.58 9.33 � 0.29 8.83 � 0.29

a Data (means � SD) were obtained from geometric dilutions of different AgNPs.
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showed similar antibacterial effects when they were incubated
with bacteria in PBS (Fig. 1A to E). When these AgNPs were incu-
bated with S. Typhimurium in LB broth and checked for growth,
significant differences were observed between the different AgNPs
(Fig. 1F). There was no increase in the OD at 600 nm when
different AgNPs were added to M9 minimal medium (without
proteins) (Fig. 1G). A similar result was observed when RPMI
medium (without serum) was used for the growth of S. Typhi-
murium (see Fig. S1A in the supplemental material).

Biological fluids, like blood, serum, and plasma, completely
inhibited the antibacterial activity of uncapped AgNPs. With the
emergence of multidrug resistance, treatment for bacterial infec-
tions has become very challenging (50–53). Interest has been gen-
erated for AgNPs because of their excellent antimicrobial proper-
ties (39, 54). AgNPs have also shown antiviral properties (55).
There are very few reports suggesting resistance development in
bacteria against silver (18, 56). We exploited a salmonellosis
model to study the antibacterial properties of different AgNPs
under in vitro and in vivo conditions. To test the effect of AgNPs
under in vivo conditions, different AgNPs were added to whole
blood, serum, or plasma and then incubated either with S. Typhi-
murium or S. Typhi. In the absence of serum, blood, or plasma,
there was no significant difference in the antibacterial activity of
different types of AgNPs. However, serum, blood, and plasma
each inhibited the activity of uncap-AgNPs completely, but not
Cit-AgNPs or PVP-AgNPs. Under all the conditions tested, the
activity of PVP-AgNPs was better than that of Cit-AgNPs (Fig. 2A
and B). Antibacterial activity toward S. Typhimurium was ana-
lyzed in the presence of mouse blood, serum, and plasma, whereas
for S. Typhi the antibacterial activity was analyzed in the presence
of human blood components (Fig. 2B; see also Fig. S1B in the
supplemental material). Since serum albumin is the major com-
ponent of blood, 3% BSA was further used to assess the antibac-
terial effects of different AgNPs. Addition of BSA totally abrogated
the antibacterial activity of uncap-AgNPs, but not that of capped
AgNPs (Fig. 2C).

BSA exhibited a different interaction pattern with capped
versus uncap-AgNPs, with resulting differences in killing activ-
ity. In our study, PVP-AgNPs showed the least interaction with
serum albumin and hence better antibacterial activity in the pres-
ence of BSA. To confirm this finding, different AgNPs (at the same
concentration) were incubated with 3% BSA, and the absorption
spectrum was analyzed (57). The results suggested that uncap-
AgNPs have more interaction with BSA, and PVP-AgNPs have the
least. Cit-AgNPs showed a moderate interaction with BSA (Fig. 3A
to D). The membrane potential-sensitive dye DiBAC4(3) was used
to check the change in membrane potential (45) of S. Typhimu-
rium upon incubation with different AgNPs in the presence and
absence of 3% BSA. Flow cytometric analysis clearly showed that,
in the absence of BSA, there was no difference in the change in the
membrane poteintial of bacteria for any of the AgNPs, whereas in
the presence of BSA, no membrane damage was observed in the
case of uncap-AgNPs, and the extent of damage was high when
PVP-AgNPs were used. Moderate damage was observed when S.
Typhimurium was incubated with Cit-AgNPs (Fig. 3E; see also
Fig. S2 in the supplemental material). For further confirmation, S.
Typhimurium incubated with different AgNPs in the presence
and absence of BSA was analyzed via scanning electron micros-
copy (SEM). SEM images clearly showed that damage when S.
Typhimurium was treated with all the different AgNPs in the ab-

sence of BSA, but in the presence of BSA, only PVP-AgNPs caused
damage to the bacteria (see Fig. S3 in the supplemental material).
When different AgNPs were incubated with different concentra-
tions of BSA, most of the uncap-AgNPs were bound to BSA (pres-
ent at 4%), whereas binding was not observed with PVP-AgNPs,
and moderate binding was observed with Cit-AgNPs (Fig. 3F).

In vitro cell culture models demonstrated the similar pattern
of killing by uncapped and capped AgNPs, as shown in the
broth. To investigate the killing patterns further, we used an in
vitro cell culture model for Salmonella infection. Salmonella in-
fects epithelial cells and macrophages of various organs. The ac-
tivities of different AgNPs against Salmonella were investigated in
the presence and absence of serum in epithelial cells (intestine
407) and macrophages (RAW 264.7). A trypan blue exclusion as-

FIG 2 AgNP activities in the presence of blood, serum, plasma, and BSA. The
antibacterial effects of different AgNPs for S. Typhimurium were tested in the
presence of bovine serum (A), mouse blood, serum, and plasma (B), and 3%
bovine serum albumin (C). Values that are significantly different by Student’s
t test are indicated by a bracket with asterisks, as follows: ***, P � 0.0005.
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say and an MTT uptake assay were performed to estimate the
viability of these cells in the presence of different AgNPs. AgNPs at
10 �g/ml did not show any toxic effect on the different cell lines,
whereas concentrations of 20 �g/ml and above created significant
toxicity to these cells in the absence of serum. Although the MTT
assay showed that there was no difference in the viability in the

presence of serum for Cit-AgNPs and PVP-AgNPs, the trypan
blue exclusion assay revealed that indeed there was a significant
reduction in the viability of the cells when capped AgNPs were
used in the presence of serum (see Fig. S4A and B and 5A and B in
the supplemental material). In the presence of serum, uncap-
AgNPs did not affect the viability of the cells at the 50 �g/ml

FIG 3 AgNP interactions with BSA. (A) Uncap-AgNPs were incubated with different concentrations of BSA, and the absorbance spectrum was checked. (B to
D) The absorbance spectra of uncap-AgNP (B), Cit-AgNP (C), and PVP-AgNP (D) were obtained by incubating these NPs with 3% BSA. (E) The change in the
bacterial membrane potential of S. Typhimurium (STM) was analyzed by flow cytometry by using DiBAC4(3). S. Typhimurium was incubated with different
AgNPs in the presence and absence of 3% BSA, and DiBAC-positive cells were quantitated by flow cytometry. Flow cytometric data were analyzed with WinMDI
2.9. Values that are significantly different by Student’s t test are indicated by brackets with asterisks as follows: **, P � 0.005. (F) Uncap-AgNPs, Cit-AgNPs, and
PVP-AgNPs (10 �g/ml) were incubated with different concentrations of BSA (0 to 10.0%) in deionized water at room temperature for 2 h in 96-well plates, and
the unbound AgNPs concentration was determined by atomic absorption spectrophotometry.

Gnanadhas et al.

4950 aac.asm.org Antimicrobial Agents and Chemotherapy

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
01

 F
eb

ru
ar

y 
20

23
 b

y 
10

3.
87

.9
4.

23
4.

http://aac.asm.org


concentration, whereas Cit-AgNPs and PVP-AgNPs created sig-
nificant toxicity for the cells at the same concentration. This may
have been due to the interaction of the uncap-AgNPs with serum
proteins. Intracellular concentrations of AgNPs were measured to
determine the cellular uptake by these cells. There was no signifi-
cant difference in the uptake of different AgNPs in the absence of
BSA, whereas the uptake of uncap-AgNPs was significantly lower
in the presence of BSA with these cell lines (Fig. 4A and B). There
was no significant difference in the uptake when PVP-AgNPs were
used in the presence of 3% BSA. The gentamicin protection assay
was carried out to check the antibacterial activity of different
AgNPs inside the cells. S. Typhimurium-infected RAW 264.7 and
intestine 407 cells were treated with different AgNPs, and their
intracellular growth was determined. In the absence of serum,
AgNPs killed the intracellular bacteria, whereas the presence of
serum completely inhibited the activity of uncap-AgNPs but not
of capped AgNPs (Fig. 5A and B). Similar results were obtained
when 3% BSA was used instead of serum (Fig. 5C and D). These
results clearly indicated that the presence of BSA inhibits the up-

take of the AgNPs and, hence, the difference in the antibacterial
activities of these particles was observed in vitro.

The in vivo mouse model of systemic typhoid fever strongly
suggested the importance of AgNP preparations for therapeutic
use. A murine salmonellosis model, which is an excellent in vivo
model for systemic infection by Salmonella, was used to under-
stand the differential effect of AgNPs in the presence and absence
of capping agents. BALB/c mice were infected with S. Typhimu-
rium (107 CFU, orally), treated with different AgNPs for 3 days,
and the bacterial burdens in MLN, spleen, and liver were analyzed.
Different AgNPs were administered orally as well as i.v. to treat
Salmonella infection in mice. No effect of AgNPs was observed
when uncap-AgNPs were administered to treat Salmonella infec-
tion, whereas the capped AgNPs were able to reduce the bacterial
burden in different organs (Fig. 6A and B). Most importantly,
with the in vivo mouse model of infection, PVP-AgNPs showed a
greater antibacterial effect.

Finally, we confirmed the role of capping agents for their anti-
bacterial activity by treating the mice with different AgNPs (oral
and i.v.) after infection with S. Typhimurium. Mice were infected
with a lethal dose of S. Typhimurium (108 CFU) and treated with
different AgNPs and ciprofloxacin. While all the mice recovered
from Salmonella infection when treated with ciprofloxacin,
AgNPs could not protect the mice completely from Salmonella
infection. When uncap-AgNPs were used, all the mice died, after
the same duration as in controls, whereas Cit-AgNPs and PVP-
AgNPs delayed the deaths of the mice. When different AgNPs
were administered intravenously, PVP-AgNPs protected 60% of
the mice from death (Fig. 7A and B).

DISCUSSION

Studies have been carried out on different microorganisms se-
lected from the ATCC strain collection to prove the antibacterial
property of AgNPs (3). However, there have been doubts regard-
ing the efficacy of AgNPs against bacterial clinical isolates, owing
to antibiotic resistance. Further studies have proved that the
AgNPs are equally effective against clinical isolates such as E. coli,
E. faecalis, P. aeruginosa, S. aureus, and Stenotrophomonas malto-
philia (58). Studies have also proved that the smaller the size of
zinc oxide particles, the greater the efficacy in inhibiting the
growth of bacteria, based on both the production of reactive oxy-
gen species and accumulation of nanoparticles (59). Selenium
nanoparticles have been found to inhibit the growth of S. aureus,
similarly to iron oxide with polyvinyl alcohol (60, 61). Similarly,
glycan-encapsulated gold nanoparticles selectively inhibit Shiga
toxins 1 and 2 (62). Our study found that uncap-AgNPs had an-
tibacterial properties against Salmonella in PBS but not in LB
broth. This loss of antibacterial activity in the presence of LB broth
may be due to the interaction of AgNPs with proteins that are
present in the medium (57, 63). It was also conclusively proved
that all three types of nanoparticles, i.e., uncap-AgNPs, Cit-
AgNPs, and PVP-AgNPs, are equally proficient for their antibac-
terial properties in PBS. In the absence of proteins, as in PBS, all
three AgNPs showed similar antibacterial properties. However, in
LB broth, the capping of AgNPs played an important role in de-
termining the antibacterial effect. It has been reported that cap-
ping agents can stabilize the AgNPs by avoiding the aggregation of
the particle as well as providing protection from temperature and
light (12–14, 64). Enhanced antibacterial activity was also ob-
served when AgNPs were coated with different capping agents

FIG 4 AgNP uptake studies. The graphs show the different AgNP uptake
percentages by RAW 264.7 (A) and intestine 407 (B) cell lines in the presence
and absence of 3% BSA. Cells were incubated with different AgNPs in the
presence (BSA�) and absence (BSA-) of 3% BSA for 2 h, and the intracellular
concentrations of AgNPs were determined by measuring the extracellular
AgNP concentration in the medium via atomic absorption spectrometry. Val-
ues that are significantly different by Student’s t test are indicated by brackets
with asterisks as follows: *, P � 0.05; **, P � 0.005.
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(12–14). We wanted to elucidate the antibacterial role of capping
agents apart from providing stabilization to the AgNPs.

Numerous studies on the interaction of NPs with blood, se-
rum, and other proteins have thrown light on the unique proper-
ties that we have discussed here. Gold NPs that interacted with
BSA in aqueous solution led to a red shift of the plasmon reso-
nance maximum by 5 to 6 nm. These results could be used for
studying optical and physicochemical properties of NPs in vivo
and mechanisms of the interaction of NPs of noble metals with
biological objects (65). Interactions of AgNPs with BSA were
found to be spontaneous and driven by hydrophobic forces with
changes in the microenvironment of the tryptophan residues
along with dynamic and static quenching of the BSA fluorescence
(63). Another study showed that the BSA adsorption on the sur-
face of AgNPs effectively prevented aggregation and flocculation,
thereby enhancing the uptake of the NPs into live cells (57). With
cases such as magnetic iron oxide NPs, the secondary structure of
BSA molecules has been found to change drastically (66). As the
size of gold NPs was increased, enhanced protein packing in the
larger NPs and effective screening of the charge interaction be-
tween the NPs were observed (67).

Protein adsorption onto nanoparticles occurs due to an in-
crease in the collective entropy of the proteins on the NP surface
and nonspecific interactions between the NP surface and the pro-

teins. The increase in the entropy is due to the rearrangement of
the protein structure to a more stable position on the uncoated
AgNP surface. Strong interactions occur between uncoated
AgNPs and proteins due to the increase in entropy, which in turn
leads to a significant decrease in the Gibbs free energy. This de-
crease in energy is primarily due to the relaxation of protein sec-
ondary structures (68). Cellular uptake of different AgNPs is
found to be modulated by their interactions with different com-
ponents of blood, including albumin, transferrin, and IgG (69).

All the studies that have been carried out to date have shown
that the antimicrobial activities of the NPs diminished upon in-
teraction with serum proteins. However, our study conclusively
proved that coating the AgNPs with citrate or PVP effectively
maintained the antibacterial property both in the in vitro cell cul-
ture model as well in the in vivo animal model. The toxicities of
these AgNPs to mammalian cells were altered in the presence of
serum. There was no significant difference in the viability of the
cells for Cit-AgNPs and PVP-AgNPs in the presence of serum (see
Fig. S5A and B in the supplemental material). The difference in the
viability of the mammalian cells in the presence of serum with
different AgNPs was not revealed in the MTT assay. However, a
trypan blue exclusion assay showed that there was a significant
reduction in the viability of the cells when Cit-AgNPs or PVP-
AgNPs were used in the presence of serum (see Fig. S4A and B in

FIG 5 In vitro activities of AgNPs. Stationary-phase and late-log-phase S. Typhimurium cells were used to infect RAW 264.7 (A and C) and intestine 407 (B and
D) cells, respectively, at an MOI of 10. Different AgNPs (10 �g/ml) were added in the presence and absence of 10% serum (A and B) and 3% BSA (C and D). The
fold increase in the bacterial count was determined by plating extracts 2 h and 16 h after lysing the cells. Values that are significantly different by Student’s t test
are indicated by a bracket and asterisks as follows: *, P � 0.05; **, P � 0.005; ***, P � 0.0005.
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the supplemental material). This may have been due to the fact
that the trypan blue exclusion assay examines the membrane in-
tegrity of cells, whereas the MTT assay examines the metabolic
activity of the cells. Serum albumin in the blood was found to have
a differential interaction with different AgNPs, and hence the an-
tibacterial effects of AgNPs can be altered. All the AgNPs showed
saturation in the binding with BSA at a 3 to 4% concentration. The
binding of PVP-AgNPs to BSA was very minimal, whereas maxi-
mum binding was observed for uncap-AgNPs. These results indi-
cate that the interaction of AgNPs with BSA is altered when dif-
ferent capping agents are used. The interaction of uncapped
AgNPs with serum proteins may be the reason for the lack of
antibacterial activity in vivo. Previously, the effects of different
AgNPs and their roles in antibacterial activity were not studied in
vivo.

Here we have demonstrated for the first time that the synthesis
methods and the capping agents employed play crucial roles for
the antibacterial activity of AgNPs in the in vivo model system. The
synthesis methods and capping agents can be optimized to gain
better antibacterial as well as antiviral activities in vivo.

With reference to the in vivo models, a study has been carried
out in a chick model with AgNPs in combination with nanosilicate
platelets (NSP). It was observed that AgNP/NSP effectively con-

trolled enteric Salmonella infection. In addition, when amoxicillin
was used in conjunction with this combination, only 1/10 of the
normal dosage of the drug was required to obtain roughly 80%
protection from salmonellosis. The main advantage of such a sce-
nario is that it reduced the emergence of antibiotic-resistant bac-
teria (38). Gold NPs were found to inhibit VEGF-165 (vascular
endothelial growth factor 165)-induced permeability and angio-
genesis in vivo in the nude mouse ear model (70). A silver carbene
complex loaded on L-tyrosine polyphosphate (SCC) NPs and then
administered to Pseudomonas aeruginosa-infected mice resulted
in a 20% survival advantage. Further, in the same study, the lungs
from the majority of the mice treated with SCC NPs appeared
normal, with a significant decrease in the bacterial burdens in the
lungs (71).

Silver nanoparticles may cause side effects due to interactions
with proteins in the body, the alpha-beta transition, and protein
aggregation (72). In the use of AgNPs to generate better antibac-
terial properties in vivo, the capping agents and synthesis method
play crucial roles. We demonstrated the variable action of AgNPs
in vivo when capped with different capping agents. PVP-AgNPs
showed better antibacterial properties in vitro as well as in vivo
compared to Cit-AgNPs. The reason for this may be due to the
better stability and higher uptake by the cells with the PVP-
AgNPs. The uptake of the capped AgNPs was significantly higher
than for uncap-AgNPs in the presence of serum. This better up-
take may be the reason for better killing of intracellular Salmo-
nella. The reason for better uptake may be due to the fact that the
interaction of AgNPs was minimized when capping agents were
used. With all these results, we can conclude that the capped
AgNPs interaction with BSA is minimal; hence the uptake is
higher, and the intracellular killing of bacteria is higher. When

FIG 6 In vivo activitues of AgNPs based on the Salmonella burden in different
organs. BALB/c mice were infected with S. Typhimurium (1 � 107 CFU) and
then treated with different AgNPs and ciprofloxacin (10 mg/kg). AgNPs were
administered by the oral route (100 mg/kg of body weight) (A) or the intrave-
nous route (20 mg/kg of body weight) for 3 days (B), and the bacterial burdens
in different organs (MLN, spleen, and liver) were determined on the fifth day
after infection. The organs were collected aseptically, and the tissues were
homogenized and plated on SS agar and incubated at 37°C. Values that are
statistically different by the Mann-Whitney U test are indicated by a bracket
and asterisks as follows: *, P � 0.05; **, P � 0.005.

FIG 7 In vivo activities of AgNPs, determined in a survival assay. BALB/c mice
were infected with a lethal dose of S. Typhimurium (108 CFU) and then treated
with different AgNPs and ciprofloxacin (20 mg/kg) for 4 days. AgNPs were
given by the oral route (100 mg/kg of body weight) (A) or the intravenous
route (20 mg/kg of body weight) (B), and then mice were assessed for morbid-
ity and mortality twice daily for 15 days. Values that are statistically different by
the log rank test are indicated by a bracket and asterisks as follows: *, P � 0.05;
**, P � 0.005.
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AgNPs were administered intravenously, the mice were found to
have higher survival compared to those that received orally ad-
ministered AgNPs. This could be attributed to the fact that orally
administered AgNPs are excreted through feces (38). This study is
the first of its kind to throw light on the importance of the capping
agent with regard to the antibacterial activity under physiological
conditions in an animal model. This study puts forward a note of
caution that the efficacy of AgNPs varies between PBS and biolog-
ical fluids. Hence, all the in vitro assays that demonstrated good
antibacterial activity for AgNPs should be reassessed in the pres-
ence of biological fluids, and preferably in the in vivo model sys-
tems. Further future avenues can be directed toward formulating
new capping agents for AgNPs with the best antibacterial activity,
with or without the combinatorial therapy with antibiotics.
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