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Immunomodulatory properties of silver nanoparticles
contribute to anticancer strategy for murine fibrosarcoma

Biswajit Chakraborty1, Ramkrishna Pal1, Mohammed Ali2, Leichombam Mohindro Singh1,
Dewan Shahidur Rahman2, Sujit Kumar Ghosh2 and Mahuya Sengupta1

The use of nanotechnology in nanoparticle-based cancer therapeutics is gaining impetus due to the unique biophysical

properties of nanoparticles at the quantum level. Silver nanoparticles (AgNPs) have been reported as one type of potent

therapeutic nanoparticles. The present study is aimed to determine the effect of AgNPs in arresting the growth of amurine

fibrosarcoma by a reductive mechanism. Initially, a bioavailability study showed that mouse serum albumin

(MSA)-coated AgNPs have enhanced uptake; therefore, toxicity studies of AgNP-MSA at 10 different doses (1–10mg/kg

b.w.) were performed in LACAmice bymeasuring the complete blood count, lipid profile and histological parameters. The

complete blood count, lipid profile and histological parameter results showed that the doses from 2 to 8 mg (IC50:

6.15 mg/kg b.w.) sequentially increased the count of leukocytes, lymphocytes and granulocytes, whereas the 9- and

10-mg doses showed conclusive toxicity. In an antitumor study, the incidence and size of fibrosarcoma were reduced or

delayed when murine fibrosarcoma groups were treated by AgNP-MSA. Transmission electron micrographs showed that

considerable uptake of AgNP-MSA by the sentinel immune cells associated with tumor tissue and a morphologically

buckled structure of the immune cells containing AgNP-MSA. Because the toxicity studies revealed a relationship

between AgNPs and immune function, the protumorigenic cytokines TNF-a, IL-6 and IL-1b were also assayed in

AgNP-MSA-treated and non-treated fibrosarcoma groups, and these cytokines were found to be downregulated after

treatment with AgNP-MSA.
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INTRODUCTION

The use of nanoparticles to fight the dreaded disease of cancer

has recently created new possibilities in the field of cancer

therapeutics and thus demands further research on the overall

effect of nanoparticles, especially in vivo. The immune system

has the ability to fight against tumors as well as other diseases

because of the multiple immune checkpoints within cells

that regulate or dictate tumor immune surveillance inside an

organism; many of these checkpoints are bypassed in tumor

microenvironments. Thus, targeting these altered immune

checkpoints by adoptive T-cell therapy, the use of chimeric

antigen receptors or the induction of multiple inflammatory

pathways within the tumor microenvironment are the fore-

most targets in the field of cancer immunotherapy.1

Nanoparticles are associated with immune systems and

either act as immunostimulants or immunosuppressors.

Nanoparticles are often first taken up by the phagocytic cells

of the immune system (e.g., macrophages and dendritic cells);

through undesirable interactions between nanoparticles and

the immune system, nanoparticles may promote either inflam-

matory or anti-inflammatory responses. Immune cells may

consider nanoparticles to be foreign entities, thus resulting in

an inadvertent multilevel immune response against the nano-

particles (e.g., allergic response); this response may ultimately

lead to toxicity inside the biological system. The physical char-

acteristics of nanoparticles, such as size, surface charge, hydro-

phobicity/hydrophilicity and the steric effects of their coatings,

can dictate the compatibility between the nanoparticles and the

immune system.2

Silver nanoparticles (AgNPs) are among the most commer-

cialized nanoparticles because of their unique optical, catalytic

and disinfectant properties. Currently, AgNPs are being used

for many different applications,3–5 ranging from wound dress-

ing and the coatings of surgical instruments and prostheses6,7
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to the use in food container systems or as the coating material

for certain household devices, such as washing machines.

AgNPs are being incorporated into textiles and are also added

to cosmetics.8,9

Recent research throughout the world has indicated that

AgNPs also induce immunologic response inside biological

hosts, including immune cells.10 Nanocrystalline silver was

observed to induce the apoptosis of inflammatory cells through

suppression of TNF-a and IL-12.11 It has been reported that

AgNPs interact with the HIV-1 virus via gp120 glycoprotein

knobs. In fresh water fishes, AgNPs are known to be associated

with an inflammatory response.12 AgNPs have also been shown
to inhibit molecules related to the cholinergic system and con-

sequently impair the immune system differentiation in zebra-

fish.13 AgNPs behave as allergens in mice, as reported in a recent

proteome-based study.14 The intravenous administration of

AgNPs also showed immunotoxicity in murine models.15

Respiratory tract immune toxicity has also been associated with

AgNPs.16 AgNP treatment of peripheral blood mononuclear

cells and human mesenchymal stem cells showed inhibition of
the production of cytokines, such as IFN-c, IL-6, IL-8, IL-11,

TNF-a andmore weakly, IL-5.17 In a recent in vitro study, AgNP

exposure showed an induction of expression of IL-8 and stress

genes in macrophages.18 In toxicity studies of AgNPs, a dose of

more than 10 mg/kg b.w. in rats showed liver toxicity.19

Moreover, in in vitro and in vivo studies conducted by Sriram

et al.,20 it was shown that AgNPs have antitumor properties

against Dalton’s lymphoma ascites tumor model. Thus, recent
findings suggest that there is a relationship between AgNPs and

the immune system, however, there are almost no reports on the

AgNP immunomodulation of tumor-bearing mice. Although

there are several reports on the toxicity of AgNPs,21–25 there is

a paucity of toxicity studies on the AgNP dose-response in mice.

Hence, the present investigation was designed to determine the

effects of AgNPs at different doses in mice and to study their

effects on murine fibrosarcoma. Chemically induced tumors in
inbred mice, particularly sarcomas induced by 3-methylcholan-

threne (3-MCA), have been a favorite model of tumor immu-

nologists since the discovery of their antigenic properties.26,27

The discovery of immunomodulating cytokines has strongly

established the immunological influences of tumor induction

in chemically induced fibrosarcoma.28 For this purpose, a modi-

fied murine two-stage carcinogenesis model was adopted in

which a single subcutaneous administration of the carcinogen
3-MCA (0.5 mg/mouse) was followed by multiple applications

of the tumor promoter phorbol myristate 13-acetate (PMA)

administered subcutaneously (s.c.).29

MATERIALS AND METHODS

Synthesis of mouse serum albumin (MSA)-stabilized AgNPs

Mouse serum albumin (Sigma-Aldrich, USA) orMSA-stabilized

AgNPs were prepared by a ligand exchange reaction on citrate-

stabilized AgNPs following the method reported by Duncan

Graham and co-workers.30 All glassware was cleaned with

aqua regia and thoroughly rinsed with distilled water. Ag-
citrate nanoparticles were prepared according to the Lee–Meisel

procedure.30 A clean three-necked round bottom flask was filled

with 500 ml of Milli-Q water. The solution was heated to 45 uC

using a Bunsen burner under continuous stirring with a glass

stirrer. Then, silver nitrate (90 mg dissolved in 10 ml of Milli-Q

water) was added. The solution was heated further to 98 uC.

Trisodium citrate (100 mg in 10 ml Milli-Q water) was added,

and the solution was kept at 98 uC for 90 min; afterwards,

the solution was allowed to cool to room temperature. Citrate-

stabilized AgNPs were further functionalized with MSA in a

ligand exchange reaction. In a typical method, a methanolic

solution of MSA (2.5 ml, 40 mM) was added to a 10 ml nano-

particle dispersion, and the mixture was stirred for 3 h, while

protected from light. The excess ligand was removed by cent-

rifugation and redispersed in Milli-Q water. These nanoparti-

cles were characterized by UV-Vis spectrometry (Shimadzu

UV-1601 digital spectrophotometer (Shimadzu, Japan)), trans-

mission electron microscopy (JOL, JSM-2100; JEOL, Japan)

and Fourier transform infrared spectroscopy (FTIR) analysis.

The MSA loading on the nanoparticles was determined from

the entrapment efficiency (EE), which was spectrophotometri-

cally estimated at 595 nm using the following equation:31

EE~ Total initial amount of MSA addedð

{Free amountof MSA insupernatantÞ

|(Totalinitial amount of MSA addedÞ{1
|100

Animals

The LACA male albino mice were purchased from The Pasteur

Institute, Shillong, India (license no.: 34/DR/1966). The 6- to 8-

week old male mice having body weights of 2062.0 g were used

for all the experiments. All treatments were performed in

accordance with the guidelines of the Institutional Ethics

Committee. All animals were housed in polycarbonate cages at

2262 uC temperature, 85% relative humidity and a 12-h light–

darkness cycle with standard food and water available ad libitum.

Bio-distribution of AgNPs

Samples of 500mg each of the collected liver, kidney and spleen

tissues from normal mice groups treated with different con-

centration of AgNPs and AgNP-MSA were weighed and dis-

solved in 4ml of aqua regia. These were then heated at 80 uC for

10min to dissolve the tissue. The same procedure was also used

for tumor tissue treated with both AgNP andAgNP-MSA at the

selected antitumor dose of 4 mg/kg b.w. All dissolved tissues

were then examined for the uptake of AgNPs by inductively

coupled plasma atomic emission spectroscopy (ICP–AES).

Experimental design for toxicity study

For the toxicity study, a total of 55 mice were divided into 11

groups, with 5mice in each group. The first group was kept as a

control, and the other 10 groups were administered (subcuta-

neously on alternate days) varying doses (1–10 mg/kg b.w.) of

with AgNP-MSA separately. Weekly analyses of the complete

Immunomodulatory properties of AgNPs in cancer

B Chakraborty et al

Cellular & Molecular Immunology

192



blood count and lipid profile were performed for all the groups.

After 4 weeks of treatment, all of themice were then euthanized

following analysis of the complete blood count, lipid profile

and histological parameters.

Hematological analysis

Heparinized blood was collected in EDTA-coated vials by intra
cardiac puncture after anesthetization with chloroform. We

examined the erythrocyte counts (RBC), mean corpuscular

volume, RBC distribution width (RDW%), RDWa, hemato-

crit, platelet count, mean platelet volume, platelet distribution

width, procalcitonin, large platelet concentration ratio, leuko-

cyte count (white blood cell (WBC)), hemoglobin, mean cor-

puscular hemoglobin, mean corpuscular hemoglobin content,

lymphocyte count, granulocyte count and mid cell count from
the whole blood with the help of an automated hematological

analyzer (Piramal photometer 5010 V51; Piramal Enterprise

Limited, India).

Serum analysis

To analyze the effect of AgNPs on liver and renal function, the

serum levels of the following were measured in the different

experimental groups and compared with those of the control

mice: alanine transferase (ALT), aspartate transferase (AST),

alkaline phosphatase, creatinine, triglycerides, total choles-

terol, high-density lipoprotein, low-density lipoprotein and
very low-density lipoprotein. Moreover, for further antitumor

experimental studies, the IC50 of AgNPs was determined from

the reduction in the serum ALT level.

Histological analysis

To determine the effect of the administration of different AgNP

concentrations on various organs, such as the liver, kidney and

spleen, histological analysis was performed. After 4 weeks of

treatment and following the euthanasia of the treated mice, the

liver, kidney and spleen tissues were fixed with 4% para-
formaldehyde. The fixed tissue samples were then transferred

to 30% sucrose for 24 h prior to cryo-sectioning. After the

tissues were sectioned to a size of 10 mm, the sections were

stained with hematoxylin and eosin. The AgNP toxicity was

determined by observing the histological sections under a light

microscope for any deviation from the control slides.

In vivo antitumor experimental design

For the antitumor experiment, two groups of 20 male mice

each were used. To develop the fibrosarcoma model, both

groups were treated with a single dose (0.5 mg/mice) of
MCA (s.c.) and PMA (s.c. 4.26 nM on alternate days) for 40

weeks.29,32 Of these, one group was also given AgNP-MSA at a

dose of 4 mg/kg b.w. (s.c. on alternate days) from the second

week until the fortieth week of treatment. Parameters, such as

the incidence of tumor, change in body weight, variation in

tumor size, and serum TNF-a, IL-6 and IL-1b levels, were then

measured for these two groups. To analyze the effect of AgNPs

on the serum cytokine levels of the tumor group, TNF-a, IL-6
and IL-1b were measured using ELISA kits from BD

Biosciences (BD OptEIA, USA). The manufacturer’s protocol

was employed in the measurement, and the enzyme-substrate

reactionwas terminated by the addition of sulfuric acid solution,

after which any color change was observed spectrophotometri-
cally in an ELISA reader (Bio-Rad, Germany) at 595 nm.

The nitroblue tetrazolium (NBT) assay

The NBT assay was performed to obtain a quantitative estima-

tion of the superoxide anion (O22) level in various tissues

(liver, spleen, kidney and tumor). Membrane permeable,

water-soluble NBT is used as an electron acceptor, and upon

reduction by superoxide anions, NBT changes from a yellow

solute to a blue formazan precipitate. Briefly, HBSS containing

0.1% NBT was added to the sample and kept at 370 uC for 2 h
with occasional shaking. Then, the sample was washed with

70% methanol 3 times and dried at 600 uC for 15 min; 2 M

potassium hydroxide, 8–10 ml of Triton X-100, and 500 ml of

dimethylsulfoxide were added, and the mixture was allowed to

rest for 10min. The formazan was then solubilized in dimethyl-

sulfoxide and potassium hydroxide, and the optical density of

the solubilized formazan was subsequently measured spectro-

photometrically at 620 nm. The concentration of NBT was
calculated from the OD at 620 nm, and the extent of ROS in

the sample was determined.33

Nitric oxide release assay (NO)

The nitric oxide release was quantitatively measured in differ-

ent tissues (liver, spleen, kidney and tumor) using Griess

reagent. Briefly, the tissue was converted to a single cell sus-

pension, and then Griess reagent was added to 106 cells; the

mixture was allowed to rest for 10 min. Then, to measure the

released nitric oxide, the OD was determined using a spectro-

photometer at 550 nm, and the OD was compared with a
standard curve for sodium nitrate.34

Immunocytochemistry

Tumor tissues from treated and non-treated mice were

removed and converted to a single cell suspension (SCS) using

0.5% trypsin dissolved in PBS. IL-1b tagged with phycoery-

thrin, which is fluorescent, was added to 106 cells according

to the manufacturer’s protocol (R&D Systems, USA). The

tagged cells were observed under a fluorescence dark field

microscope (Nikon TS 100 ECLIPSE, Japan).

Transmission electron micrograph analysis of fibrosarcoma

tissue treated with AgNP-MSA

Transmission electron micrographs were obtained for both

tumor tissue and AgNP-MSA-treated tumor tissue. The prim-

ary fixation of tissues for transmission electronmicroscopy was

performed using Karnovsky fixative, and further fixations,

including sample processing, were conducted at SAIF,

NEHU, Shillong, India, where photographs were taken.

Statistical analysis

The obtained raw scores were plotted as a function of number
of weeks of the test, and then statistical analyses, such as
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Student’s t-test, the Mann–Whitney U-test and ANOVA, were

performed. The data are presented as themean6standard error

of mean (s.e.m.) for 20 mice/group with the significance level

set at P,0.05.

RESULTS

Characterization of AgNP-MSA

The prepared AgNPs were characterized before being used as a

potential antitumor agent. The surface plasmon band at 400 nm

in the UV-Vis spectra (Figure 1a) of the AgNPs indicates that the

AgNPs were successfully transformed into the nanometer
regime. The morphology and size of the MSA-stabilized

AgNPs were determined using transmission electron microscopy

(TEM). Figure 1b is the TEM image of the prepared AgNPs,

which clearly shows that the average size of the particles was

approximately 10 nm and depicts that the AgNPs are relatively

uniform in diameter and spherically shaped. As previously men-

tioned, the AgNP solution after ligand exchange (with MSA) was

washed several times by ultra-centrifugation and redispersion to
remove citrate and excessMSA. Figure 1c shows the FTIR spectra

of pure MSA and MSA-stabilized AgNPs, and Table 1 lists the

comparative peak assignment. In the case of pure protein, the

peaks at 3290 cm21, 1622 cm21 and 1517 cm21 are attributed to

the stretching vibration of amide A (mainly –NH stretching),

amide I (2C5O stretching) and amide II (2CN stretching,

2NH bending), respectively. In the case of MSA binding to

AgNPs, negligible variations were observed in the characteristic

peak of the amide I bands, but the characteristic peak of the

amide II band shifted to a 40 cm21 higher wavenumber, suggest-

ing that there is a coordination interaction between the silver

ions andMSA.Most notably, the characteristic peak of the amide

A band shifts to the higher wavenumber of 3445 cm21. Such a

large variation further suggests that coordination has formed

between AgNPs and the amine groups of MSA, which plays an

important role in the formation of MSA-stabilized AgNPs.

Therefore, the FTIR spectroscopy result proves that MSA ligands

are conjugated to the AgNPs. The EE of MSA on the AgNP

surface was found to be 95%62%.

Bio-distribution of AgNPs

The in vivo bioavailability analysis of AgNPs and MSA-coated

AgNPs in normal mice showed that AgNPs alone had very low

bioavailability, whereas AgNP-MSA showed a detectable bioa-

vailability. This finding implied that the functionalized AgNPs

(AgNP-MSA) have greater compatibility for uptake in an in vivo

condition (Table 2). Because AgNP-MSA showed enhanced

bioavailability in experimental LACA mice, AgNP-MSA was

selected for further studies.
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Figure 1 (a) UV-Vis spectra of MSA-capped silver nanoparticles. (b) TEM image ofMSA-capped AgNPs. (c) FTIR spectra of MSA and AgNP-MSA.

AgNP, silver nanoparticle; FTIR, Fourier transform infrared spectroscopy; MSA, mouse serum albumin; TEM, transmission electron microscopy.
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Toxicity studies

Effect of AgNPs on the blood and lipid profile of control mice. The
results from the complete blood count and lipid profile of

AgNP-MSA-treated and non-treated normal mice showed no

significant difference up to 8 mg/kg b.w. (Supplementary

Figure 1 and Supplementary Figure 2). However, the doses

from 2 to 8 mg/kg b.w. showed an increase in the WBC, lym-

phocytes and granulocytes of normal mice (Fig 2; P,0.005). In

contrast, the doses of 9 and 10 mg/kg b.w. showed conclusive

toxic effects on the mice, as indicated by some of the blood
parameters (Table 3; P,0.001) and the complete lipid profile

(Table 4; P,0.01). Additionally, from the AgNP-MSA-induced

reduction in the serum alkaline phosphatase levels, the IC50

was determined to be 6.15 mg/kg b.w. (data not shown).

Effect of AgNPs on tissue (liver, spleen and kidney) damage. The

liver sections were found to have normal architecture in all

treated groups except those treated at the 9 and 10 mg/kg
b.w. doses. Necrotic spots of hepatocytes and hydrophobic

degeneration around the central vein were observed at these

doses. At these two doses, inflammatory cells were found in the

bile ducts, and multifocal lesions were observed in the spleen.

No abnormality was observed in the kidney (Figure 3).

Effect of AgNPs on incidence of murine fibrosarcoma

First, whether AgNP-MSA had any effect on theMCA-induced

and PMA-promoted solid tumor incidence was examined.

A significant delay of 9 weeks was found in the first tumor

incidence in the nanoparticle-treated group compared to the

tumor-bearing mice that were not treated with AgNP-MSA.

There was also a significantly lower tumor incidence in the

nanoparticle-treated group; 85% of the mice showed a tumor

when treated with only MCA and PMA, but the AgNP-MSA-

treated mice had an incidence of only 15% at the fortieth week.

Moreover, we estimated the tumor growth pattern by esti-

mating a logistic curve which was fitted on the basis of the

incidence (percentage) data. The logistic curve was generated

by the following logistic growth equation:

Y~L
�

1zae{bt
� �

where Y is the tumor incidence given as a percentage (%), and

‘a’ and ‘b’ are the statistical parameters to be estimated from the

experimental data. Here, ‘L’ is a scale parameter that scales the

logistic curve ‘up’ or ‘down.’ We select the value of ‘L’ for which

the mean standard error is minimum; the maximum of this

value has been fixed at 100 because the Y data are in percentages.

Table 1 The main IR absorption bands of pure MSA and MSA

attached to AgNPs

Designation Pure MSA (cm21) MSA-Ag (cm21) Description

Amide-A 3290 3445 N–H stretching

Amide-I 1622 1642 C5O stretching

Amide-II 1517 1527 CN stretching and

N–H bending

Abbreviations: AgNP, silver nanoparticle; MSA, mouse serum albumin.

Table 2 Biodistribution of AgNPs and AgNP-MSA in different tissues of treated LACA mice; the result was obtained from ICP–

AES analysis

Liver Spleen Kidney

Dose (mg/kg b.w.) AgNPs AgNP-MSA AgNPs AgNP-MSA AgNPs AgNP-MSA

1 0.02160.01 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

2 0.46760.23 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

3 1.6760.13 ppm ,0.01 ppm 0.02760.003 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

4 2.474560.16 ppm ,0.01 ppm 0.07960.007 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

5 2.761260.325 ppm ,0.01 ppm 0.085460.0025 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

6 2.873260.47 ppm ,0.01 ppm 0.087360.0047 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

7 2.870960.387 ppm ,0.01 ppm 0.0992160.0037 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

8 3.155760.7634 ppm ,0.01 ppm 0.11760.0064 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

9 3.11360.023 ppm ,0.01 ppm 0.1460.003 ppm ,0.01 ppm ,0.01 ppm ,0.01 ppm

10 3.42160.12 ppm 0.0360.053 ppm 0.13160.017 ppm 0.0360.053 ppm 0.022160.002 ppm ,0.01 ppm

Abbreviations: AgNP, silver nanoparticle; ICP–AES, inductively coupled plasma–atomic emission spectroscopy; MSA, mouse serum albumin.
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Figure 2 Effect of silver nanoparticles at various doses in normal LACA

mice on the counts of immune cells, such as WBCs, lymphocytes and

granulocytes. The results are expressed as the mean6s.e.m.

(P,0.005). s.e.m., standard error mean; WBC, white blood cell.
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Figure 4 implies that after the treatment with AgNPs, the

logistic growth of the tumor incidence was significantly lower

(P,0.0001). This drop in the growth rate of the tumor inci-

dence can be attributed to the AgNP treatment, which was the

sole treatment difference between the AgNP-treated group and

the non-treated group.

Effect of AgNP-MSA on the bodyweight ofmice withmurine

fibrosarcoma

There was a normal growth in body weight for the first few

weeks, but after the twenty-fifth week, there was a significant

loss of body weight (cachexia) in the tumor-bearing mice.

However, observations of the physical activity and vitality of

both the nanoparticle-treated and non-treated tumor-bearing

mice indicated that the treated tumor-bearing mice were more

active and healthy and had gained weight compared with the

non-treated tumor group (Figure 5; P,0.04).

Effect of AgNP-MSA on the size and appearance of murine

fibrosarcoma

After subcutaneous injection of MCA and PMA, the tumor

appeared to be hard, round, well confined and palpable with

pronounced inflammation, whereas the tumors that appeared

in the nanoparticle-treated mice were soft, not well confined

and flat (Figure 6a). Histological examination at the fortieth

week showed that there was no significant difference in the

tumor cell morphology in the AgNP-MSA-treated and non-

treatedmice (data not shown).However, there was a significant

difference in the tumor size. The maximum tumor size found

in the AgNP-treated was 2.860.62 mm, whereas the average

Table 3 Blood toxicity profile of AgNP-MSA-treated LACA

albino mice. The results are expressed as the mean6standard

error mean (P,0.001)

Parameters Control 9 mg/kg b.w. 10 mg/kg b.w.

RBC (31012/l) 14.16261.12 11.26460.51 9.7760.34**

MCV (fl) 46.95460.85 46.961.31 48.3261.33

RDW (%) 15.5861.027 15.1460.65 13.28461.37

HCT (%) 51.5261.75 46.28661.28 48.27461.29

PLT (3109/l) 673612.77 549.8617.64 793.8620.28

MPV (fl) 5.79260.19 6.12860.088 6.17460.24

PDW (fl) 8.94660.16 9.85860.28 9.37260.32

PCT (%) 0.45260.02 0.31260.05 0.48460.02

HGB (g/dl) 16.7460.67 10.7761.21 10.3260.71

MCH (pg) 16.9860.44 12.4460.53 15.34860.33

MCHC (g/dl) 32.8260.94 28.08860.53 32.52261.20

Abbreviations: AgNP, silver nanoparticle; HCT, hematocrit; HGB,

hemoglobin; MCA, mean corpuscular volume; MCH, mean corpuscular

hemoglobin; MCHC, mean corpuscular hemoglobin content; MPV, mean

platelet volume; MSA, mouse serum albumin; PCT, procalcitonin; PDW,

platelet distribution width; PLT, platelet count; RBC, red blood cell count;

RDW, RBC distribution width.

Table 4 Lipid toxicity profile of AgNP-MSA-treated LACA

albino mice. The results are expressed as the mean6standard

error mean (P,0.01)

Parameter Control 9 mg/kg b.w. 10 mg/kg b.w.

AST (units/l) 50.5761.05 107.2064.42 133.8063.10

ALT (units/l) 23.5260.66 56.2062.06 63.6061.08

ALP (units/l) 89.7060.85 73.4061.60 55.2061.43

Creatinine (mg/dl) 0.6860.04 0.6360.02 0.4360.03

Proteins (g/dl) 4.1760.33 6.2060.23 4.2060.23

TC (mg/dl) 67.4061.08 96.8064.96 82.4062.11

TG (mg/dl) 72.8061.28 90.4061.75 76.0062.45

HDL (mg/dl) 23.2060.86 55.0063.08 33.4061.60

LDL (mg/dl) 20.6161.11 34.0061.84 21.0061.14

VLDL (mg/dl) 23.0961.32 25.4061.63 32.2061.59

Abbreviations: AgNP, silver nanoparticle; ALP, alkaline phosphatase;

ALT, alanine transferase; AST, aspartate transferase; HDL, high-density

lipoprotein; LDL, low-density lipoprotein; MSA, mouse serum albumin;

TC, total cholesterol; TG, triglyceride; VLDL, very low-density lipoprotein.
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Figure 3 Histopathology of liver, spleen and kidney tissue from mice

treated with increasing doses of AgNP-MSA, observed under a light

microscope (Nikon TS 100 ECLIPSE). The liver was found to have nor-

mal architecture in all treated groups except those exposed to 9 and

10 mg/kg b.w. of AgNP-MSA. Necrotic spots of hepatocytes and

hydropic degeneration (black arrows) around the central vein were

observed at these dosages. At the 10 mg/kg b.w. dosage, inflammatory

cells were found in the sinusoidal spaces, and multifocal lesions were

observed in the liver. Due to the increased proliferation of local macro-

phages, minor lesions were observed in the 10 mg/kg b.w. AgNP-MSA-

treated spleen.No abnormality was observed in the kidney. AgNP, silver

nanoparticle; MSA, mouse serum albumin.

Immunomodulatory properties of AgNPs in cancer

B Chakraborty et al

Cellular & Molecular Immunology

196



tumor size in the non-treated group at the fortieth week was

8.160.8 mm (Figure 6b, P,0.0001).

Transmission electron micrograph analysis of

AgNP-MSA-treated tumor tissue

This study showed that there was considerable uptake of

AgNP-MSA by immune cells associated with fibrosarcoma tis-

sue. The immune cells containing AgNP-MSAwere found to be

damaged and also progressed towards cell death; this result was

in contrast to non-treated fibrosarcoma tissue. A more
muddled plus patchy cellular structure was observed in the

AgNP-MSA-treated fibrosarcoma, suggesting that the AgNP-

MSA treatment caused pyknotic primary sentinel immune cells

to infiltrate the fibrosarcoma tissue (Figure 7).

Effect of AgNP-MSA on the serum TNF-a, IL-6 and IL-1b

levels in murine fibrosarcoma

The serum levels of TNF-a, IL-6 and IL-1b were determined

every other week from the first injection of MCA. There was an

exponential shift in the TNF-a production from the twentieth

week after the first injection of MCA in the tumor-induced

group compared with the AgNP-treated tumor-induced group.

During the first week, 287.5563.31 pg/ml and

270.55624.79 pg/ml of TNF-a production was observed in

the non-treated and AgNP-treated tumor group, respectively.

During the twentieth, twenty-fourth and twenty-sixth weeks,

the level of TNF-a in the tumor group was 487.8067.15 pg/

ml, 974.10617.81 pg/ml and 1134.35619.6 pg/ml, respectively,

while during the fortieth week, the level of TNF-a was

1198.55699.7 pg/ml. This shift was not observed in the

AgNP-treated tumor group; the level during the 20th week

was 301.85612.45 pg/ml, and the level during the twenty-sixth

and fortieth weeks was 303.756

18.08 pg/ml, 334.6614.6 pg/ml, respectively (Figure 8a). From

a statistical point of view, the average TNF-a production for the

AgNP-treated group was significantly lower than that of the

non-treated tumor-bearing group (P,0.01).

The IL-6 level was 221.70627.09 pg/ml and 219.5567.46 pg/

ml in the non-treated tumor-bearing and AgNP-MSA-treated

tumor-bearing groups, respectively, during the first week of

MCA injection. During the twenty-second week, the first sig-

nificant difference was observed, and there was a shift from

221.70627.085 pg/ml to 430.950627.4366 pg/ml of IL-6 pro-

duction in the non-treated tumor-bearing group. During the

fortieth week, this level increased to 730.450625.01636 pg/ml;

in contrast, during the twenty-second and fortieth weeks, the

IL-6 production of the AgNP-MSA-treated tumor-bearing

group was 259.25619.25 pg/ml and 339.15620.5 pg/ml,

respectively (Figure 8b) (P,0.0005). Thus, the production of

this particular cytokine did not shift compared to that in the

non-treated tumor-bearing group.

The NBT assay

The standardized colorimetric NBT assay was used to compare

the superoxide anion produced in various tissues. Tissue was
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obtained from the liver, spleen, kidney and tumor of

MCA1PMA-treated mice and from MCA1PMA1AgNP-

MSA-treated mice. In the liver, spleen and kidney, there was

no significant (P.0.05) difference between the two groups.

However, the tumor tissue showed a significantly lower oxygen

content, which was indicative of a hypoxic condition and was

restored to normoxic levels after treatment with AgNP-MSA;
this treatment resulted in a significant (P,0.001) increase in

the oxygen content in the tumor tissue (Figure 9a).

Nitric oxide release assay

Nitric oxide release was measured to predict the RNS level and

iNOS function in the liver, spleen, kidney and tumor tissue that

was obtained from the MCA1PMA-treated and MCA1PMA-

treated group and for treatment with AgNP-MSA. The RNS

levels were not significantly altered (P.0.05) in the liver, spleen
and kidney. However, in the tumor tissue, the RNS level was

found to be significantly lower than that in other tissues

(P,0.005) and was found to be restored to normal tissue levels

(P,0.01) by the AgNP-MSA treatment (Figure 9b).

Immunocytochemistry and serum profile of IL-1b

For IL-1b, there was a dramatic arrest in IL-1b at a significance

level of 0.01. Since the initiation time of tumor at the twenty-

second week, the release of this pro-inflammatory cytokine
significantly increased. In contrast, in the AgNP-MSA-treated

group, there was total attest of the IL-1b release, and the IL-1b

levels had no significant difference (P.0.05) between the first

and the fortieth weeks (Figure 10a).

To further determine whether IL-1b was degraded or func-

tionally inhibited (possibly by the formation of a AgNP-IL-1b

corona) after the AgNP treatment in the tumor environment,

we used immunocytochemistry to analyze the IL-1b in the SCS

isolated from both treated and nontreated tumor tissue. In the

tumor tissue, the IL-1b expression was high, whereas in the

AgNP-MSA-treated tumor tissue, the IL-1b level was low

(Figure 10b).

DISCUSSION

The therapeutic application of nanoparticles has gained

importance in medicine due to the reduced size and large sur-

face-to-volume ratio of nanoparticles. Recently, accumulated

data suggested greater considerations about the use of AgNPs

in therapeutics due to their toxicity compared with other noble
metal nanoparticles. Our study aimed to analyze the toxicity of

AgNPs at different doses in a murine model and to study the

application of AgNPs for targeting murine fibrosarcoma.

Tiwari et al.19 in 2011 studied the toxicity of AgNPs in the doses

of 4 mg, 10 mg, 20 mg and 40 mg/kg b.w. in Wistar rats and

concluded that doses near 4 mg/kg body weight were best sui-

ted for the therapeutic application.19 The low dose range of 1–

10 mg/kg b.w. has thus been prioritized to avoid the higher
doses that would have been obviously toxic. The bioavailability

analysis of AgNP and albumin-coated AgNP (AgNP-MSA)

showed that the coated particles had enhanced uptake by mice

compared to the uncoated particles, and this finding demon-

strated that the protein-coated nanoparticles have increased

biocompatibility (Table 2). This bioavailability findingwas also

correlated with other findings, which showed that coating

nanoparticles with albumin reduces the chances of interaction
with other serum proteins because albumin is the most abun-
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Figure 6 (a) Photograph of a tumor induced by the 0.5mg/dose ofMCA

and promoted by PMA in the right flank of the Swiss albino mice and

also of the tumor group treated with the 4 mg/kg b.w. dosage of AgNP-

MSA. Photographs were taken at the twentieth, thirtieth and fortieth

weeks of the experiment. (b) Effect of AgNP-MSA on the tumor size

in chemically induced murine fibrosarcoma; the results are expressed

as the mean6s.e.m. (P,0.0001). AgNP, silver nanoparticle; MSA,

mouse serum albumin; PMA, phorbol myristate 13-acetate; s.e.m.,

standard error mean.
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Figure 7 TEM images of fibrosarcoma cells of AgNP-MSA-treated tumor-bearing mice. (a) Langerhans cells associated with fibrosarcoma tissue

(not treated with nanoparticles) (bar is 2 mm). (b) Uptake of AgNP-MSA by dendritic cells associated with fibrosarcoma tissue (red arrows show the

nanoparticle presence; red star shows the formation of an initial pyknotic nucleus in this nanoparticle-containing cell) (bar51 mm). (c) Deformed

structure of nanoparticle-containing immune cells of fibrosarcoma tissue (the red arrow shows nanoparticle presence, and the yellow star shows

the damaged morphology of the nanoparticle-containing immune cells of the fibrosarcoma tissue) (bar52 mm). (d) Overall deformed intracellular

structure of nanoparticle-containing immune cells of the fibrosarcoma tissue (the yellow star shows the buckled intracellular morphology of

immune cells associated with the fibrosarcoma tissue; the red arrow shows the presence of AgNP-MSA) (bar50.2 mm). AgNP, silver nanoparticle;

MSA, mouse serum albumin; TEM, transmission electron microscopy.
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dant serum protein; thus, this functionalization enhanced the

uptake by surrounding cells even at very low doses of nanopar-

ticles.35,36Albumin has been used to increase the bioavailability

of nanoparticles. Because of the structural homology among

various types of albumin, the serum albumin from any other

species, such as bovine serum albumin from cows, could have

been used. However, to minimize any risk of immunogenicity

arising from albumin, MSA was chosen as the preferred form

for the protein functionalization of NPs in this study. This

selection was an extra precautionary measure that was possibly

redundant because BLAST showed a conserved domain in the

albumin protein sequences in the tetrapoda family. For other

species, species-specific albumin may be used.

Time scale studies were performed to study the systemic

toxicity, as measured through the hepatic and renal functions,

the blood parameters and the histological parameters in nor-

mal mice that received different doses ranging from 1–10 mg/

kg b.w. (Supplementary Figure 1 and Supplementary Figure 2).

This toxicological study showed that for doses ranging from

2–8 mg/kg b.w., the WBC, LC and granulocyte counts

increased in the non-tumor induced mice, whereas the doses

of 9 and 10 mg/kg b.w. showed conclusive toxicity in the non-

tumor inducedmice. This change was indicated by the elevated

levels of ALT and AST, classical markers of liver function, and

the serum creatinine level, a marker for renal function.

After the IC50 of AgNP-MSA (6.15 mg/kg b.w.) was mea-

sured in mice, the next phase was to analyze the effect in a

murine in vivo model of fibrosarcoma. The effect of AgNP-

MSA was studied by constantly monitoring the tumor incid-

ence, body weight and tumor size of murine fibrosarcoma for

40 weeks. Moreover, the toxicity study showed a relation

between AgNP-MSA and immune parameters, which led us

to study the effect on the serum levels of TNF-a and IL-6 in

murine fibrosarcoma. The toxicity profile of AgNPs in mice at

10 doses was obtained bymeasuring the complete blood count,

lipid profile and histology. This study showed that AgNP doses

ranging from 2 to 8 mg/kg b.w. in the control group increased

the WBC, LC and granulocyte counts, whereas the other para-

meters were unchanged. The 9 and 10mg/kg b.w. doses showed

systemic toxicity in control mice. Thus, the results implied that

the AgNPs administered in vivo (s.c.) were creating an immune

response in the non-tumor induced mice.

A possible reason for this finding is that nanoparticles inter-

act with proteins, nucleic acid, and lipids and are often

adsorbed by proteins inside biological systems through the

formation of a nanoparticle–protein corona (NP–PC), which

influences biological activity.37 This NP–PC formation is aided

by several forces, such as hydrogen bonds, solvation forces, van

der Waals interaction, and others.38,39 Nanoparticles can also

modify the structure and therefore, the function of the adsorbed

proteins in NP–PCs, which thus alter the overall activity of the

nanoparticles. This modification of the adsorbed proteins in

NP–PCs may involve specific foldings, which may lead to a
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change in the conformation of the epitopes of the adsorbed

protein.40 Moreover, nanoparticles can change continuous

epitopes of the adsorbed protein, affecting a stretch of 10–12

amino acids, and this stretch is capable of eliciting an immune

response. Thus, by forming NP–PCs in biological systems,

nanoparticles can induce an abnormal unfolding of adsorbed

proteins, which may result in an unwanted immune response

through the exposure of hidden epitopes.40 Hence, the

unwanted immune responses induced by AgNPs in our study,

as evident from the increase in the WBC, lymphocyte and gran-

ulocyte counts, might result from NP–PC formation in mice

and the from the subsequent sequential exposure of hidden

epitopes of the adsorbed proteins. Additionally, the curved

(spherical) surface of nanoparticles compared to planar surfaces

provide extra flexibility and enhanced surface area to the

adsorbed protein molecule.39

In our study, spherical AgNPs were used, and our results

showed a significant increase in the WBC, lymphocyte and

granulocyte counts even at extremely low doses (2 mg/kg

b.w.). This increase might be due to the spherical nature of

the AgNPs inside the mice; this shape provided increased flex-

ibility and an enhanced surface area to the adsorbed NP–PC

proteins, resulting in an unwanted immune response even at

very low doses. Moreover, lymphocytosis, i.e., an increase in

the lymphocyte count over the granulocyte count, was

observed after AgNP administration. In more detail, in a study

on tumor regression in response to chemotherapy, lymphocy-

tosis was reported in patients independent of tumor histotype

and chemotherapeutic regimen, with a significantly higher

mean lymphocyte count at the end of the chemotherapeutic

treatment with respect to the values observed before the onset

of treatment.41Recent advances in tumor immunobiology sug-

gest that cancer chemotherapy may have the dual functions of

cytotoxic activity combined with immunomodulatory effects

involving endogenous cytokine action to control both tumor

angiogenesis and antitumor immunity. The action of nanoma-

terials as potent chemotherapeutic agents on lymphocyte-

mediated anticancer immunity must still be investigated and

elucidated. Chemotherapy itself may paradoxically act, at least

in part, as a cancer immunotherapy by inducing lymphocyto-

sis, most likely to modulate the cytokine network and correct

the altered endogenous production of the cytokines respons-

ible for cancer-related immunodeficiency.

In relation to the immunomodulatory properties of AgNPs

in normal mice observed in our study, we opted for a chem-

ically induced fibrosarcoma for an antitumor study of these

nanoparticles. The chemically induced fibrosarcoma is known

to have unique antigenic individuality and has been a favorite

choice of tumor immunologists.28 In our study, in the group

that was administeredMCA, fibrosarcoma appeared during the

twenty-second week of the treatment and grew continuously

until the thirty-sixth week. The effective accumulation of nano-

particles in tumors, as observed in our ICP–AES data, is a pre-

requisite for NP-assisted cancer diagnosis and treatment. The

ICP–AES analysis clearly showed that unlike AgNP, AgNP-

MSA is effectively cleared from the liver, spleen and kidney

of mice. In contrast, naked AgNP tended to accumulate in

the said tissues and in fibrosarcoma tissue (Table 2) at a sig-

nificantly very high amount. The lack of effective clearance and

the subsequent bio-accumulation after an in vivo treatment

with NPs is tantamount to systemic toxicity. Hence, further

assays of the in vivo antitumor effect of AgNPs were redundant

and were thus performed with AgNP-MSA alone.

It was hypothesized that the aggregation of NPs stimulated

by a tumor microenvironment can be utilized to enhance the

retention and cellular uptake of NPs in tumors. AgNPs

(approximately 10 nm) showed a fast, sensitive, and reversible

response to the pH change from pH 7.4 to pH 6.5, which

enabled the AgNPs to be well dispersed at pH 7.4, while quickly

aggregating at pH 6.5. TheMSA-AgNPs were found to be stable

at the pH of blood and normal tissues and thus exhibited an

excellent stealth ability to resist uptake by macrophages; how-

ever, the MSA-AgNPs aggregated instantly in response to the

acidic extracellular pH of solid tumors, leading to greatly

enhanced uptake by cancer cells.42 Moreover, the patterns of

blood circulation and the clearance profile of nanomaterials in

vivo must be understood to ward off unwanted toxicity before

these materials can be used in biomedicine.

Nanomaterials have heterogeneous characteristics that com-

bine the bulk properties of solids with quantum phenomena,

largely due to their high surface-to-volume ratio, which enables

them to exhibit diverse functionalities. Smaller nanomaterials

(10–20 nm) are rapidly taken up in the liver from the blood,

whereas larger nanomaterials (.200 nm) are efficiently taken

up byKupffer cells in the liver. In the splenic sinusoids, as blood

flows through the venous system, nanoparticles larger than

200 nm are cleared by splenic filtration with the help of macro-

phages. The capillary fenestrae of the glomeruli can allow parti-

cles of 10–100 nm size to pass through, but particles with sizes

greater than 100 nm are blocked by the basal lamina.43 Because

the particle size in the study was approximately 10 nm, any

AgNP that escaped entry into the tumor microenvironment

and entered the systemic circulation was effectively cleared

from the body.

Tumor promotion or induction is correlated with body

weight loss, and this correlation was also observed in our study.

Thus, physiological parameters, such as tumor incidence,

tumor size and body weight loss, were monitored for 40 weeks

in both the AgNP-MSA-treated and non-treated groups. In the

AgNP-MSA (4mg/kg b.w.)-treated mice, the first tumor incid-

ence was delayed by 9 weeks. In addition to this finding, the

tumors of the AgNP-MSA-treated mice were significantly

(P,0.0001) smaller (2.6 mm) than those of the non-treated

group (8 mm) after the fortieth week. We found a significant

decrease in the body weight in almost 50% of the MCA-

induced tumor-bearing mice compared to the normal mice;

this change suggests that cancer cachexia has occurred.

Moreover, the body weight of the AgNP-MSA-treated mice

was also found to be normal. Thus, we suggest that AgNP-

MSA not only inhibited the tumor incidence but also helped
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to overcome the progressive body weight loss of tumor-bearing

mice.

The electron micrographs showed that compared to the

non-treated tumor, the AgNP-treated tumor had a more

deformed structure of the sentinel immune cells associated

with the tumor. The sentinel immune cells associated with

the fibrosarcoma (e.g., Langerhans cells/dendritic cells and

others) take up AgNP-MSA considerably more readily than

other cells; therefore, the dendritic cells in our study showed

substantial uptake of AgNP-MSA (Figure 7). The result from

this micrograph suggested an effect of AgNP on immune cells

that was also analogous with the unwanted immune response

observed in normal mice. The immune cells associated with

any tumor are known to be involved in cancer progression

through inflammatory mediators, and the AgNP antitumor

effect indicated by previous parameters of our study might be

caused by the cytotoxic effect on immune cells by the same

mechanism as suggested from the electron micrographs.

This study reports an immune response to AgNP-MSA in

normal mice, reductions in tumor incidence and tumor size,

and a countering of the loss of body weight in MCA-treated

mice; thus, the next relevant question is whether there was any

immune modulation by the AgNP-MSA in the fibrosarcoma

tumor microenvironment. To address this possibility, the

serum levels of two important cytokines, TNF-a and IL-6, were

measured during the experimental period. These two cytokines

are known to be associated with cancer cachexia44,45 and also

play an important role in tumor progression.46,47 The serum

levels of both these cytokines were found to be positively

related with tumor promotion. The AgNP-treated tumor

group showed normal cytokine levels, which were consistent

with other physiological parameters. The tumormicroenviron-

ment has distinctive proteins or cellular environments, and

NPs that are exposed to several, very different systems in vivo

can form bio/nanocomplexes, which ultimately determine the

activity of nanoparticles inside a particular system. Thus, this

result most likely explains the possibility that AgNP-MSA in

the fibrosarcomamicroenvironment downregulated the proin-

flammatory cytokine levels.

In more detail, it has been reported that pelted nanoparticles

in an in vivo systemmay pass through the peritoneal andmuco-

sal layers of gut epithelial cells and finally, enter the blood-

stream. At cellular levels, the NPs that have been

phagocytosed by a monocyte may be taken into the endosomes

that ultimately fuse with lysosomes.48 Each of these proteomes

represents a unique environment and has specific properties in

terms of protein composition, enzymatic activities, pH, ion

composition and other characteristics; these properties deter-

mine the fate of the nanoparticles. Thus, in our study, the

subcutaneous administration of AgNP-MSA in the murine

fibrosarcoma might lead to the formation of a unique biona-

nocomplex compared to that in control mice, and this change

ultimately downregulated these two cytokine levels.

The amount of proteins available to interact with the nano-

particle surface can also greatly influence the NP–PC composi-

tion.49 In an in vivo system, as a nanoparticle passes through

different protein-rich environments, the nanoparticle surface

may become pre-coated with specific proteins that affect the

possible binding to the next protein to form more nanoparti-

cle–protein complexes.50 The affinity of the protein for the NP

surface also determines whether the protein can completely

occupy the surface or not. The sequential arrangement of pro-

teinmolecules bound to the nanoparticle surface may affect the

biological reactivity.51 Thus, the different cellular organiza-

tions or protein-rich tumor microenvironments in our results

might explain the fact that AgNP-MSA forms different NP–PC

corona, which, consequently, counteract the protumorigenic

immune regulation by inhibiting the release of these cytokines.

Moreover, in the tumor immune microenvironment, there are

multiple immune checkpoints that control the tumor surveil-

lance inside organisms.52 The cytokine levels in the different

experimental groups showed a tumor immunomodulation by

the AgNP-MSA, which ultimately affects the immune check-

points.

The ICP–AES data and electronmicrograph showed that at a

dose of 4 mg/kg b.w., the AgNP-MSAs were significantly pre-

sent in tumor fibrosarcoma due to direct pelting of the nano-

particles in the flank containing the fibrosarcoma. This result

may also be caused by the immune cells associated with the

tumormicroenvironment predominantly taking up the AgNPs

because of the decreased possibility of nonspecific NP–PC

formation by AgNP-MSA. Consequently, the anticancer pro-

perty found in our study must be executed through immune

cells. To obtain more insight into this role, we performed

experiments studying the oxidative status of the tumor micro-

environment of both AgNP-MSA-treated and untreated

groups. Oxidative parameters were mainly selected because

nanoparticles are known to be associated with the oxidative

stress response in many cells or tissue.53 We measured the

NBT (O2
2 radical measurement) and nitric oxide (NO) of

the SCS isolated from both AgNP-MSA-treated and non-

treated fibrosarcoma. The results showed that these nanopar-

ticles significantly increased these two parameters in the SCS

isolated from fibrosarcoma (Figure 9), and the anticancer

property demonstrated by AgNP can be attributed to this

increase in oxidative stress in the tumor microenvironment.

One of the prime facts of tumor promotion and surveillance

is that immune cells (especially macrophages) associated with

the tumor microenvironment mainly promote the tumor.54

Thus, the AgNP-containing immune cells or other cells mainly

encounter oxidative stress, which might have collectively con-

tributed to the anticancer response. The result was further

supported by recent in vitro findings, where it has been

reported that AgNPs can induce the apoptosis of RAW through

an increase in oxidative stress.55,56 Moreover, the downregula-

tion of the protumorigenic cytokines TNF-a and IL-6 in the

AgNP-treated fibrosarcoma group also demonstrated that

AgNP significantly altered the cell function of tumor-associ-

ated immune cells. Furthermore, the hypoxic condition (low

oxygen condition) of a solid tumor is known to be associated
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with tumor promotion, and in our study, AgNPs significantly

increased the oxygen free radical and NO levels in the tumor

microenvironment, which oppose hypoxia. Additionally,

because of the inflammatory condition provided by the

MCA-induced fibrosarcoma, many proinflammatory mole-

cules play a role in tumor promotion.

Among the target proteins that are likely to be involved in

NP–PC formation (discussed earlier), one signature candidate is

the pro-inflammatory cytokine IL-1b.57 IL-1 signaling is the

major alarm mechanism that persists in a tumor microenviron-

ment, and IL-1 is produced by cells in a malignant or micro

environment. This signaling has contrasting roles, such as the

control and promotion of tumors, and these roles are mediated

by two important agonists called IL-1a and IL-1b, respectively.58

The membrane-associated IL-1a has antitumor properties and

is generally expressed at a very low level in tumor microenvir-

onments, whereas IL-1b has a role in the promotion of carci-

nogenesis, tumor invasiveness, and immunosuppression. IL-1b

is expressed as a secretory molecule in large quantity in tumor

microenvironments.58 In addition, particularly in the MCA-

induced tumor immune microenvironment, this IL-1b-

mediated tumor progression mostly persists.59 Interestingly,
AgNPs were also reported to have inhibitory effects on the cell

signaling mediated by IL-1b.60

Considering these above facts, one possibility behind the

functional modulation of the fibrosarcoma immune micro-

environment by AgNPs is that AgNPsmight have formed coro-

nas with IL-1b (say, AgNP-IL-1b), thus disrupting the IL-1b

mechanism of action either through degradation or through
functional inhibition. To confirm this possibility, we per-

formed immunocytochemistry analysis of IL-1b in both

AgNP-treated and non-treated fibrosarcoma. The result from

this experiment showed that there was a nearly negligible

amount of IL-1b in the AgNP-treated fibrosarcoma compared

to the non-treated fibrosarcoma (Figure 10). Thus, this finding

strongly suggested that AgNPs not only modulate the tumor-

associated cell function through oxidative stress but also alter
the IL-1b function to facilitate the anticancer property against

murine fibrosarcoma. Hence, our study showed a direct rela-

tionship between AgNP-MSA and immune regulation, as

demonstrated by the unwanted response in normal mice and

the inflammatory regulation in the murine fibrosarcoma.

CONCLUSION

This study reports a relation between AgNP-MSA and the

immune system in a murine model. The study also established
the fact thatAgNP-MSA showed anunwanted immune response

in control mice even at very lower doses, whereas AgNP-MSA

showed a rather beneficial immunomodulation that inhibited

murine fibrosarcoma by altering the immune microenviron-

ment. In our next article, we will be focusing on the detailed

mechanism bywhich AgNPs lead to the oxidative stress-induced

immunomodulation of tumor-associated macrophages.
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Soriano FJ. Cancer cachexia results in an increase in TNF-alpha
receptor gene expression in both skeletal muscle and adipose
tissue. Int J Oncol 2005; 27: 855–860.

45 Barton BE. IL-6-like cytokines and cancer cachexia: consequences of
chronic inflammation. Immunol Res 2001; 23: 41–58.

46 Ara T, Declerck YA. Interleukin-6 in bone metastasis and cancer
progression. Eur J Cancer 2010; 46: 1223–1231.

47 Balkwill F. TNF-alpha in promotion and progression of cancer.Cancer
Metastasis Rev 2006; 25: 409–416.

48 Casals E, Pfaller T, Duschl A, Oostingh GJ, Puntes V. Time evolution
of the nanoparticle protein corona. ACS Nano 2010; 4: 3623–
3632.

49 Monopoli MP, Walczyk D, Campbell A, Elia G, Lynch I, Bombelli FB
et al. Physical–chemical aspects of protein corona: relevance to in

vitro and in vivo biological impacts of nanoparticles. J Am Chem Soc

2011; 133: 2525–2534.

50 Gasser M, Rothen-Rutishauser B, Krug HF, Gehr P, Nelle M, Yan B
et al. The adsorption of biomolecules to multi-walled carbon
nanotubes is influenced by both pulmonary surfactant lipids and
surface chemistry. J Nanobiotechnology 2010; 8: 31.

51 Ge C, Du J, Zhao L, Wang L, Liu Y, Li D et al. Binding of blood proteins
to carbon nanotubes reduces cytotoxicity. Proc Natl Acad Sci USA

2011; 108: 16968–16973.

52 Shiao SL, Ganesan AP, Rugo HS, Coussens LM. Immune
microenvironments in solid tumors: new targets for therapy. Genes
Dev 2011; 25: 2559–2572.

53 Manke A, Wang L, Rojanasakul Y. Mechanisms of nanoparticle-
induced oxidative stress and toxicity. BioMed Res Int 2013; 2013:
15.

54 Coussens LM, Werb Z. Inflammation and cancer. Nature 2002; 420:
860–867.

55 AshaRani PV, Low Kah Mun G, Hande MP, Valiyaveettil S. Cytotoxicity
and genotoxicity of silver nanoparticles in human cells. ACS Nano

2008; 3: 279–290.

Immunomodulatory properties of AgNPs in cancer

B Chakraborty et al

Cellular & Molecular Immunology

204



56 Park EJ, Yi J, Kim Y, Choi K, Park K. Silver nanoparticles induce
cytotoxicity by a Trojan-horse type mechanism. Toxicol In Vitro

2010; 24: 872–878.
57 Sumbayev VV, Yasinska IM, Garcia CP, Gilliland D, Lall GS, Gibbs BF

et al. Gold nanoparticles downregulate interleukin-1beta-induced
pro-inflammatory responses. Small 2013; 9: 472–477.

58 Voronov E, Dotan S, Krelin Y, Song X, Elkabets M, Carmi Y et al.
Unique versus redundant functions of IL-1alpha and IL-1beta in the
tumor microenvironment. Front Immunol 2013; 4: 177.

59 Krelin Y, Voronov E, Dotan S, Elkabets M, Reich E, Fogel M et al.
Interleukin-1beta-driven inflammation promotes the development
and invasiveness of chemical carcinogen-induced tumors. Cancer
Res 2007; 67: 1062–1071.

60 Sheikpranbabu S, Kalishwaralal K, Venkataraman D, Eom SH,
Park J, Gurunathan S. Silver nanoparticles inhibit VEGF- and
IL-1beta-induced vascular permeability via Src dependent pathway
in porcine retinal endothelial cells. J Nanobiotechnol 2009;
7: 8.

Immunomodulatory properties of AgNPs in cancer

B Chakraborty et al

Cellular & Molecular Immunology

205


	Immunomodulatory properties of silver nanoparticles contribute to anticancer strategy for murine fibrosarcoma
	INTRODUCTION
	MATERIALS AND METHODS
	Synthesis of mouse serum albumin (MSA)-stabilized AgNPs
	Animals
	Bio-distribution of AgNPs
	Experimental design for toxicity study
	Hematological analysis
	Serum analysis
	Histological analysis
	In vivo antitumor experimental design
	The nitroblue tetrazolium (NBT) assay
	Nitric oxide release assay (NO)
	Immunocytochemistry
	Transmission electron micrograph analysis of fibrosarcoma tissue treated with AgNP-MSA
	Statistical analysis

	RESULTS
	Characterization of AgNP-MSA
	Bio-distribution of AgNPs
	Toxicity studies
	Effect of AgNPs on the blood and lipid profile of control mice
	Effect of AgNPs on tissue (liver, spleen and kidney) damage

	Effect of AgNPs on incidence of murine fibrosarcoma
	Effect of AgNP-MSA on the body weight of mice with murine fibrosarcoma
	Effect of AgNP-MSA on the size and appearance of murine fibrosarcoma
	Transmission electron micrograph analysis of AgNP-MSA-treated tumor tissue
	Effect of AgNP-MSA on the serum TNF-α, IL-6 and IL-1β levels in murine fibrosarcoma
	The NBT assay
	Nitric oxide release assay
	Immunocytochemistry and serum profile of IL-1β

	DISCUSSION
	CONCLUSION
	AUTHORS' CONTRIBUTIONS
	Acknowledgements
	Note
	References


