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A B S T R A C T

The safety and efficacy of metallic nanoparticles was one of the major challenges that limit their use in the
treatment of cancer. Nanotechnology is applied in the field of pharmaceutical sciences with focus on improving
the therapeutic outcome in various diseases. Recently, many novel nano-formulations comprising two or more
drugs were studied to improve their efficacy with better safety profile. In this study, we investigated the sy-
nergistic cytotoxic effect of gemcitabine (GEM) conjugated non-cytotoxic dose of silver nanoparticles (AgNP) in
MDA-MB-453 human triple-negative metastatic breast cancer cells. Synthesized AgNP and electrostatic con-
jugates were characterized by UV-spectroscopy, dynamic light scattering (DLS), Transmission electron micro-
scopy (TEM), Scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX). GEM-(non-
cytotoxic AgNP) conjugated system (IC50 = 37.64 μM) showed better cytotoxic activity in MDA-MB-453 cells
when compared to individual treatments of GEM (IC50 = 56.54 μM) or AgNP (IC50 = 71.45 μg/ml). The sy-
nergism between the GEM-(non-cytotoxic AgNP) for all the tested doses were evaluated using CompuSyn soft-
ware. The combination index (CI) of ED50, ED75 and ED90 showed synergism for GEM-(non-cytotoxic AgNP)
conjugation. According to the calculated dose reduction index (DRI), it requires 1.70-fold less GEM plus 42.55-
fold less AgNP to achieve the same 50 % inhibition at 18.38 (GEM): 1 (AgNP) ratio.

1. Introduction

Nanotechnology is applied in various fields of pharmaceutical sci-
ences to improve the physicochemical and ADME properties, efficacy
and safety of the drugs [1]. One such approach is combining effective
metallic nanoparticles with chemotherapeutic agents [2]. Metallic na-
noparticles possess unique properties due to their size, shape, surface
structure and aggregation characteristics [3]. Amongst, AgNP is the one
which is extensively studied in pharmaceutical sciences because of its
antimicrobial activity and cytotoxicity against various cancer cell lines
[4–6]. Nano silver can be easily oxidized in the presence of oxygen
leading to the release of silver ions (Ag+) which is the major source of
toxicity. Thus, AgNP often acts as a source of Ag+ inside the cells. Ag+

ions induce oxidative stress through the generation of reactive oxygen
species and causes damage to cellular components such as cell mem-
brane, protein and DNA. This leads to apoptotic and necrotic cell deaths
triggering the release of pro-inflammatory cytokines which cause fur-
ther damage to nearby tissues or cells. AgNP can also deplete the an-
tioxidant molecules like glutathione and aggravate the cytotoxic effects.
AgNP are reported to cause genotoxicity, neurotoxicity, pulmonary
toxicity, hepatotoxicity and immunotoxicity [7]. Necropsy analysis of
rats orally administered with AgNP (5mg/kg b.w. and 10mg/kg b.w.)
for 28 days showed no signs of toxicity in the organs such as kidney,
brain, lungs, heart and testis. Liver cells had some anomaly in 10mg/kg
b.w. treatment and not in 5mg/kg b.w. treated rats [8]. Hepatoma cells
(HepG2) treated with non-cytotoxic dose (< 0.5 mg/L) of AgNP
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exhibited protective effect. The toxic effects were observed only in the
doses excess of 1mg/l in HepG2 cells [9]. Moreover, the protective
effect of AgNP at low doses was correlated with its ability to activate
Nrf2 (nuclear factor erythroid 2(NFE2)-related factor 2) and P38 MAPK
mediated transcriptional process. Hence, reducing the dose of AgNP is a
prime prerequisite to minimize toxicity associated with AgNP usage to
treat disease conditions [10].

Monotherapy for cancer treatment has many drawbacks such as
drug resistance, excessive toxic effects and undesired side effects. The
advantage of combination therapy includes the use of chemother-
apeutic agents and NP at lower doses. This could result in the elim-
ination/reduction of undesired toxic effects and increased efficacy. In
practice, combination chemotherapy results in better response and
improved survival compared with single-agent therapy [11]. Metastatic
breast cancer is often treated with combinations such as cyclopho-
sphamide / doxorubicin / fluorouracil, cyclophosphamide / doxor-
ubicin, cyclophosphamide / methotrexate / fluorouracil, gemcitabine /
paclitaxel and gemcitabine / carboplatin [12]. However, many che-
motherapeutic drugs have systemic toxicity because they non-
specifically accumulate in normal cells [13]. Hence, improving the
safety and synergy of chemotherpeutic agents in monotherapy is the
need of the hour to treat cancer. The dose limitation of AgNP could be
achieved by combining a proper cytotoxic drug to exploit the synergism
between the two agents [14]. Hence, in this study, we controlled the
ratio and tested the synergistic effect of non-cytotoxic dose of AgNP
conjugated with a cytotoxic agent gemcitabine (GEM). Synthesis of
AgNP generally involves reducing the precursor Ag+ by techniques
such as biological, chemical, electrochemical reduction and radiolysis.
Among them, size controllable chemical reduction is the most popular
to get uniform AgNP using chemical reductants such as sodium citrate
[15], tannic acid [16], sodium borohydride (NaBH4) [17], hydrazine
[18] and hydroxylamine hydrochloride [19]. Generally, AgNP have
stability issues such as aggregation, crystal growth and poor size dis-
tribution. After stabilization, chemically reduced AgNP are reported to
be highly stable at room temperature (23 °C) over a period of one year
when compared to bare AgNP [20].

AgNP with different surface charges can be synthesized using dif-
ferent types of reducing agents. To obtain AgNP with negative, neutral
and positive surface charge, NaBH4, rice starch and 1-dodecyl-3-me-
thylimidazolium chloride were used, respectively [21–23]. During the

synthesis of nanoparticles, the ligand molecules bound to the surface
prevent the growth and aggregation of nanoparticles. The ligand mo-
lecules bind to the surface of the particles by attractive interactions
such as chemisorption, electrostatic attraction and hydrophobic inter-
actions [24–26]. Electrostatic attraction of ligands on metallic nano-
particles has been widely studied. Metallic nanoparticle system such as
folic acid-conjugated AgNP, polymyxin B-conjugated gold nanoparticles
and pyrethroid-conjugated on nanosilver have been previously studied
[2,27–29]. Surface functionalization of AgNP is important for their
applicability, compatibility and safety. AgNP act as a drug carrier with
enhanced stability of surface adsorbed drug. It has diagnostic potency,
enhanced catalytic activity, reduced toxicity, and high-density surface
for ligand attachment without additional use of any linkers and protects
the surface attached drug from degradation. Surface functionalization
defines how nanoparticles behave in physiological conditions [30,31].
In this study, we developed a system with AgNP as a core which is
electrostatically attached to GEM. This system was evaluated in human
triple-negative metastatic breast cancer cell line, MDA-MB-453.

2. Materials and methods

2.1. Materials

GEM (as gemcitabine hydrochloride) was a gift sample from Dr.
Reddy’s Laboratories, Hyderabad, India. Silver nitrate (AgNO3), NaBH4,
polyvinyl pyrrolidone (PVP), sucrose and sodium chloride (NaCl) were
purchased from Sigma Aldrich, India. MDA-MB-453 was purchased
from National Centre for Cell Science (NCCS), Pune, India.

2.2. Synthesis of AgNP

AgNP were synthesized by chemical reduction method using NaBH4

as a reducing agent [21]. Briefly, 10ml of 1.0 mM AgNO3 solution was
added drop wise to 30ml of 2.0mM ice-cold NaBH4 solution. The re-
action mixture was stirred on a magnetic stirrer until a color change
was obtained (Fig. 1A). Formation of bright yellow color indicates the
successful formation of AgNP. During the reaction, AgNP can get ag-
gregated and this leads to the conversion of bright yellow to grayish
color solution.

Fig. 1. Schematic representation: (A) Synthesis of AgNP, (B) Mechanism of AgNP formation and stabilization using PVP, and (C) Surface adsorption of GEM on AgNP.
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2.3. Stabilization of AgNP

Further, the colloidal AgNP were stabilized using PVP to prevent
from the aggregation (Fig. 1B). Typically, 0.5 ml aqueous solution of
PVP (0.3 %) was added to 40ml of AgNP and the reaction mixture was
stirred on a magnetic stirrer for 10min, and free Ag+ were separated by
ultracentrifugation at 13,000 rpm for 45min [17].

2.4. Freeze-drying of AgNP

Freeze-drying is a process used for drying and to improve the sta-
bility of nanoparticles. 1 % sucrose was used as a cryoprotectant.
Sucrose solution was added drop by drop to AgNP solution under
magnetic stirring. The mixture was kept at -80 °C for 24 h to solidify and
the sample was kept in a freeze dryer (LYODEL, Chennai, India) for 24 h
[32].

2.5. Adsorption of GEM on AgNP

GEM is adsorbed to AgNP surface by electrostatic interaction
method which is a non-covalent bond occurring between two oppo-
sitely charged particles. GEM 10mg was added to 5ml (1.37 mg of
freeze-dried) of AgNP colloidal solution, and stirred in a magnetic
stirrer at room temperature for 24 h (Fig. 1C). The solution was cen-
trifuged at 10,000 rpm for 15min to collect GEM-AgNP conjugate. The
concentration of free-GEM present in the supernatant was determined
using UV-spectroscopy at 268 nm. The amount of drug adsorption and
the adsorption efficiency were calculated according to the formulae
given below (Formula 1 and 2) [33]. The pH of the AgNP and GEM-
conjugated AgNP was measured using Systronics μ pH System 361
(Ahmedabad, India).

= −Amount of drug adsorbed Initial drug loaded Unabsorbed drug (1)

= ⎡
⎣⎢

⎤
⎦⎥

×Adsorption efficiency (%)
Amount of drug adsorbed

Initial drug loaded
100

(2)

2.6. Characterizations of AgNP

The surface plasmon resonance of AgNP was carried out using UV-
spectroscopy (UV-1601 PC Shimadzu Spectrophotometer, Japan). The
λmax was measured at the wavelength ranging from 300 to 800 nm. The
mean diameter and zeta potential of AgNP were measured by dynamic
light scattering (DLS) using Zetasizer (Nano ZS 90, Malvern
Instruments, United Kingdom). Transmission electron microscopy (TEM
120 kV; T12 Fei, Tecnai G2 Sprit TWIN) and scanning electron micro-
scopy (SEM; Zeiss Sigma, Germany) were performed to analyze the
morphology of the AgNP. Energy dispersive x-ray analysis (EDAX) (T12
Fei, Tecnai G2 Sprit TWIN) observation was carried out to find the
elements present in the formulation and to confirm their electrostatic
attraction. The EDAX spectrum of AgNP was recorded in the spot profile
mode from one of the densely populated regions on the surface of the
grid.

2.7. In-vitro drug release study

In-vitro drug release of GEM and GEM-AgNP was carried out for 24 h
in phosphate buffered solution (PBS) at pH 7.4. Typically, 3 mg/ml of
GEM and GEM-AgNP was placed in a dialysis bag and suspended in
50ml of PBS at 37 °C under gentle magnetic stirring (100 rpm). At a
fixed time interval, 2 ml of buffer medium was withdrawn and replaced
with an equal volume of fresh medium. The amount of GEM released at
a fixed time interval (0, 0.5, 1, 2, 4, 6, 12 and 24 h) was estimated by
UV-Spectrophotometry (268 nm, UV-1601 PC Shimadzu
Spectrophotometer, Japan). The cumulative release percentage of GEM
at each time point was determined.

2.8. Stability study

In order to check the stability of the synthesized colloidal solution,
AgNP was aliquoted into two well closed containers and kept at
4.0 ± 2.0 °C and 23.0 ± 2.0 °C, respectively. The UV–vis and DLS
measurements were carried out periodically to observe the changes in
the colloidal AgNP solution [34].

2.9. In-vitro cell studies

MDA-MB-453 cells were cultured in Roswell Park Memorial
Institute (RPMI) medium supplemented with 10 % fetal bovine serum
(FBS), 1mM sodium pyruvate and 2mM glutamine. The cells were
cultured in a cell culture incubator at 37 °C with 5 % CO2. In vitro cy-
totoxicity of GEM, AgNP and GEM-AgNP was tested using 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Briefly, the cells were seeded in 96-well plates at the density of 3000
cells/well. After 24 h, the existing media was removed and replaced by
fresh media along with various concentrations of the prepared drug and
nano formulations (1.56, 3.12, 6.25, 12.5, 25, 50, 75 and 100 μM and
μg/ml for GEM and AgNP, respectively). The cytotoxicity of GEM-AgNP
was evaluated at the following concentrations 1.56+0.08,
3.12+0.17, 6.25+0.34, 12.50+ 0.68, 25+ 1.36, 50+2.72,
75+ 4.08 and 100+ 5.45 (μM GEM+μg/ml AgNP). The cells were
incubated for 48 h and the medium was replaced with fresh medium
containing 10 μl of MTT solution (5mg/ml) in each well and incubated
for another 4 h. Then, the formazan crystals were dissolved using 100 μl
of DMSO and the optical density was measured at 570 nm in a micro-
plate reader (Thermo Scientific, Multiskan GO Microplate
Spectrophotometer, Finland). The cytotoxicity was calculated using the
formula mentioned below (Formula 3). The IC50 was calculated by
constructing a dose-response curve using GraphPad Prism software
version 5.

− ⎛
⎝

−
−

⎞
⎠

×100 At Ab
Ac Ab

100
(3)

where, At- absorbance of test drug
Ab- absorbance of blank
Ac- absorbance of control

2.10. Combination index

The synergistic cytotoxic effect of GEM-AgNP on triple negative
breast cancer cells was evaluated using CompuSyn software. The GEM-
AgNP formulation was prepared with constant combination ratio be-
tween GEM and AgNP. The cytotoxicity of GEM-AgNP was evaluated at
the following concentrations 1.56+0.08, 3.12+ 0.17, 6.25+0.34,
12.50+0.68, 25+ 1.36, 50+2.72, 75+ 4.08 and 100+5.45 (μM
GEM + μg/ml AgNP) where a constant ratio of 18.32:1 (GEM:AgNP)
was maintained. The cytotoxicity was determined by MTT assay as
described in earlier section. The CompuSyn software calculates the
combination index (CI) value by median effect principle. This software
is based on Chou and Talalay’s multiple drug effect equations. The
following equation is used to calculate the CI (Formula 4).

CI = (D)1/(Dx)1 + (D)2/(Dx)2 (4)

In the equation, (Dx)1 and (Dx)2 indicates the individual dose of GEM
and AgNP that required to inhibit the prescribed level of cell growth.
The (D)1 and (D)2 are the doses of individual drugs necessary to pro-
duce the equal effect in combination. Combination index (CI) value<
1,= 1 and>1 indicate synergism, additive effect and antagonism,
respectively [35].
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2.11. Statistical analyses of data

Statistical analyses were performed using Prism software (Version 5,
GraphPad, GraphPad Software Inc., La Jolla, CA, USA). Results are
expressed as the mean of three replicates ± standard deviation (SD). A
level of statistical significance between groups was analyzed by un-
paired t-test. P< 0.05 was considered statistically significant.

3. Results and discussion

AgNP were prepared from AgNO3 by chemical reduction method
with the indication of nanoparticle formation by bright yellow color
and the addition of GEM did not result in any color transition (Fig. 2A
and B). Prepared AgNP were stabilized using 0.3 % PVP (w/v). PVP is a
polymer which has been reported to be strongly adhere to the surface of
AgNP, preventing aggregation and enhances the stability of AgNP for
over a year [21,36]. The synthesized AgNP were added with sucrose as
a cryoprotectant to immobilize the nanoparticles within a glassy matrix
to protect them from aggregation during freeze drying. The freeze-
drying of 40ml of prepared colloidal AgNP yielded 11mg of coarse
powder (Fig. 2C). The freeze-dried powder was redispersed in distilled
water and used for further characterizations and in vitro assays
(Fig. 2D). The adsorption of GEM on AgNP was studied at 25 °C tem-
perature. The adsorption efficiency was found to be 75.6 % and the
prepared formulation was used for in vitro assay. Due to smaller particle
size and higher surface area, AgNP can bind to different molecules. A
drug surface functionalized nanoparticle has higher blood circulation in
the body than the un-adsorbed nanoparticles. The drug adsorbed na-
noparticles have lower lymph drainage and higher accumulation at the
tumor site and exerts increased toxicity to the cancerous cells than with
the drug alone [37].

The pH of AgNP was initially 8.9 which was reduced to acidic pH
3.1 after the adsorption of GEM (Table 1). The pH of the solution plays
a key role to facilitate electrostatic attraction between the charged
metallic nanoparticles and the drug. Acidic pH values are due to the
electrostatic attraction between the metallic nanoparticles and the drug
[38]. In this study, a pH value of 3.1 was obtained for GEM-AgNP,
which indicated a strong electrostatic attraction between GEM and
AgNP.

The resonance wavelength of AgNP depends on particle size and

shape. If the particle size becomes larger, the plasmon peak shifts to
longer wavelengths and broadens [33]. AgNP has a strong absorption
peak close to 390 nm and this confirms that the Ag+ was reduced to
AgNP [36]. The UV-spectra of the colloidal AgNP and GEM-AgNP has
single plasmon absorption peak (Fig. 3) at 395 ± 0.28 and
411 ± 0.57 nm, respectively. A red shift in the plasmon absorption
peak of AgNP was observed which confirms the surface modification of
the NP by successful adsorption of GEM (Table 1 & Fig. 3). The pH
changes do not affect the intensity of the bands formed by GEM and
AgNP separately, and this indicates that there are no aggregations in
GEM-AgNP solution.

The average particle size of AgNP and GEM-AgNP was found to be
9.16 ± 0.28 and 19.06 ± 0.50 nm, respectively (Table 1)
(p < 0.0001). The particle size of GEM-AgNP was higher than AgNP
because of the adsorption of GEM to AgNP. However, there was no
evidence of aggregation and morphological changes in GEM-AgNP. The
Poly Dispersive Index (PDI) of AgNP and GEM-AgNP was found to be
0.325±0.05 and 0.307±0.05, respectively. This indicates that the
particles were homogeneous (p < 0.0004) [39]. The electrophoretic
property of AgNP and GEM-AgNP was determined by measuring the
zeta potential. The zeta potential of AgNP and GEM-AgNP was found to
be - 46 ± 0.25 and -30.3 ± 0.20mV, respectively (p < 0.0010)
(Table 1). A change in surface potential was observed after the addition
of GEM to AgNP, which was due to the electrostatic attraction between
the negatively charged AgNP and positively charged GEM. The zeta
potential of the system should be higher than +30mV or lower than
−30mV to resist aggregation [40]. SEM and TEM micrographs of AgNP
and GEM-AgNP indicate that the formed particles are spherical and
monodispersed with a particle size less than 25 nm (Figs. S1A &
Fig. 4A). No change in the morphology after the adsorption of GEM to
AgNP was observed in SEM and TEM micrographs (Figs. S1B & 4B). The
particle size was in agreement with the values obtained by DLS. The
images of GEM-AgNP clearly showed that the formed and surface
modified AgNP were free of aggregations.

EDAX gives qualitative status of elements that may be involved in
the formation of AgNP. The EDAX of AgNP showed signature peaks for
silver (Ag), copper (Cu) and carbon (C) (Fig. 4C). The peaks for Cu and
C were also observed because of the carbon grid that was used to
prepare the sample whereas, EDAX of GEM-AgNP shows the signature
peaks of both Ag and GEM (C9H12ClF2N3O4) (Fig. 4D). The EDAX peaks

Fig. 2. (A) AgNP, (B) GEM-AgNP, (C) Freeze-dried AgNP, and (D) Dispersion of freeze-dried AgNP in water.

Table 1
Physicochemical characterizations of bare and surface-modified AgNP.

Formulations Average Particle Size
(d. nm)

Zeta Potential (mV) PDI UV-Plasmon Peak (nm) pH

AgNP 9.16 ± 0.28 −46.7 ± 0.25 0.325 ± 0.05 395 ± 0.28 8.9 ± 0.10
GEM-AgNP 19.06 ± 0.50 −30.3 ± 0.20 0.307 ± 0.05 411 ± 0.57 3.1 ± 0.20
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of functional elements such as Ag, fluorine (F), nitrogen (N) and
chlorine (Cl) were observed in the GEM-AgNP formulation, which
confirm the conjugation of GEM to AgNP [41].

The in-vitro cumulative percentage release of GEM solution and
GEM-AgNP in PBS pH 7.4 is shown in Fig. 5. The GEM alone had un-
dergone burst release of 92.5 ± 1.75 % within 4 h and shown
98.9 ± 1.53 % release at the end of 24th h. On the other hand, GEM-
AgNP also had undergone burst release of 87 ± 1.52 % within 4 h and
shown 91.5 ± 1.45 % release at the end of 24th h (Table S1). GEM
alone shown maximum drug release at the end of 24 h when compared
to GEM-AgNP; however, both the GEM and GEM-AgNP shown burst
release until 0.5–4 h. Typically, electrostatic interaction or physical
adsorption (by non-covalent interaction) shows weak bonding and will

not be strong like covalent bond [42]. In our formulation, GEM is ad-
sorbed on the AgNP surface by electrostatic affinity; when this con-
jugate reaches the aqueous medium, the drug will start to dissociate and
dissolve like free drug (GEM).

Generally, nanoparticles have poor long-term stability due to dif-
ferent physical and chemical factors that may destabilize the system, so,
the UV-absorbance was recorded periodically during the stability study
(Table S2). We observed that the absorbance of the formulations stored
at 23.0 ± 2.0 °C increased over time (Fig. 6A & C). But, the absorbance
of the formulation stored at 4.0 ± 2.0 °C remained stable [33], which
indicated that the formulation showed a good stability at 4.0 ± 2.0 °C
(Fig. 6B & D). The particle size, PDI and zeta potential were increased at
room temperature but the values of these parameters of the formula-
tions remained stable at 4.0 ± 2.0 °C (Table S2). However, both the
storage conditions did not result in aggregation or colour changes of the
formulation. AgNP are susceptible to oxidation so storing them at re-
frigerator temperature in dark mode can protect them from light, and

Fig. 3. Plasmon resonance peak of AgNP and GEM-AgNP.

Fig. 4. (A) TEM images of AgNP and (B) TEM images of GEM-AgNP (C) EDAX Spectra of AgNP and (D) EDAX Spectra of GEM-AgNP.

Fig. 5. The in-vitro cumulative percentage release of GEM solution and GEM-
AgNP in phosphate buffer solution pH 7.4.
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this may be the reason for slight physicochemical changes of AgNP
when stored at room temperature.

The toxicity of AgNP is the major limiting factor for its in-vivo use
[43] and has been proved to cause mitochondrial toxicity on repeated
doses and lead to the damage of major organ systems [44]. The toxicity
of AgNP depends on the particle size and the amount of exposure to
silver [45]. A study investigating the size of NP and their ability to
accumulate in various organs has reported that the concentration of
silver was significantly higher in studied organs of rats treated with
20 nm AgNP than in treated with 200 nm AgNP [46]. However, recent
studies have shown that there are no detectable toxic effects of oral
colloidal nano silver in humans at low plasma concentration [47–49]. A
study indicates that the dose of AgNP<10mg/kg is safe and it has no
side-effects for biomedical application, but its high dose>20mg/kg
showed toxic effect [9].

In a previous study, the functionalization of AgNP with 5-fluor-
ouracil was reported to increase the apoptosis induction by LDH
leakage and DNA fragmentation in baby hamster kidney (BHK21) and
human colon adenocarcinoma (HT29) cell lines [50].Similarly in an
attempt to decrease the dose of AgNP to reduce the toxicity, we had
exploited the synergism between GEM and AgNP. Surface modified
drug delivery system with anticancer drug is a crucial factor to induce
synergistic drug actions and reduce the toxicity of drug [11]. The
beneficial effect of (GEM-AgNP) surface functionalization with antic-
ancer drug could be attributed to stabilization of the AgNP coupled
with DNA interaction and manifestation of anticancer activity through
cell cycle arrest. Both GEM and AgNP exert their cytotoxic effect
through DNA damage. The AgNP induces dysfunction of mitochondria
by generating reactive oxygen species which causes damage to cell
membranes, proteins and DNA synthesis. This results in cell cycle arrest
followed by apoptosis [15,51]. GEM is a prodrug which undergoes

intracellular phosphorylation to active form and gets incorporated into
DNA to induce DNA damage and apoptosis [52,53]. A recent study has
tested synergism between of GEM and AgNP at their respective IC25

values in ovarian cancer cells. Even though a synergistic action between
GEM and AgNP was observed, the tested concentration of AgNP how-
ever had resulted in toxicity. The treatment was carried out as separate
entities and no conjugation was done between GEM and AgNP [54].

In our study, the IC50 of AgNP was found to be 71.45 μg/ml
(Fig. 7A), which was in close range with the previously reported IC50

for chemically-synthesized AgNP (72 μg/ml) [55]. The AgNP does not
produce significant cytotoxicity up to 6.25 μg/ml (Fig. 7B), which
confirms that the selected range of dose of AgNP was non-cytotoxic to
the MDA-MB-453 cells. Previous reports have indicated that the sy-
nergistic effect could be enhanced when a drug is modified on its sur-
face by conjugation rather than treating combination of two therapeutic
agents [56,57]. Hence, we prepared the different concentrations of
GEM electro statically conjugated to AgNP with a maximum of 5.45 μg/
ml of AgNP. As a major observation, we found that the GEM-(non-cy-
totoxic AgNP) conjugates significantly increased the cytotoxicity at
12.5, 25.0 and 50.0 μM when compared to GEM alone (Fig. 7B and C).
Thus, a significant improvement in cytotoxicity was achieved with non-
cytotoxic AgNP concentration. Additionally, the IC50 value of GEM-
(non-cytotoxic AgNP) (37.64 μM) was significantly lower when com-
pared to GEM (56.54 μM) alone (Table S3).

The synergistic action of GEM-(non-cytotoxic AgNP) was confirmed
using CompuSyn software (Fig. 8). The CI values of all the tested dose
was< 1 which indicates the synergism between the two agents. Ad-
ditionally, there is a drastic reduction of AgNP dose required to exhibit
the same level of inhibition when conjugated with GEM (Table S4).
According to the calculated dose reduction index (DRI), it requires
1.70-fold less GEM plus 42.55-fold less AgNP to achieve the same 50 %

Fig. 6. UV-plasmon absorbance at different time intervals and temperatures (A) AgNP at room temperature, (B) AgNP at refrigerator temperature, (C) GEM-AgNP at
room temperature, and (D) GEM-AgNP at refrigerator temperature.
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inhibition at 18.38 (GEM): 1 (AgNP) ratio this indicates that the func-
tionalization enhances the cytotoxic property. Functionalization refers
to the surface modification of nano particles, which includes conjuga-
tion of drugs or biomolecules onto its surface. The functionalized na-
noparticles have good physical and chemical properties. The effective
treatment of cancer in solid tumors mainly depends on adequate de-
livery of the drug to the tumor cells. Typically, combination therapy
gives better effect than treating drugs alone, but functionalizing

therapeutic agents by conjugation gives more effect on tumor cells. This
is because conjugation results in adequate delivery of both the ther-
apeutic agents into the tumor cells. Functionalized therapeutic agents
could reach the tumor cells and produces better synergistic action than
when the agents were treated alone.

In this study, we have developed an electrostatic surface functio-
nalization of GEM (positive charge) over AgNP (negative charge, non-
cytotoxic dose), the resultant conjugates showed enhanced cytotoxic

Fig. 7. Percentage inhibition of viability of MDA-MB-453 cells (A) AgNP, (B) GEM and (C) GEM-AgNP. The * indicates the significant difference in the cytotoxicity of
GEM-AgNP when compared to similar doses of GEM alone. *P < 0.05.

Fig. 8. The figure represents the CompuSyn
Report for GEM-AgNP combinations. (A)
Median-effect plot. The IC50 value is the anti-
log of the x-axis intercept, and the m value is
the slope of the plot. (B) Combination index
plot. The synergy, additive and antagonistic
effect of the combination are defined as
CI < 1, CI= 1, and CI > 1, respectively.
Among the 8 combination data points 6 of
them are on the synergy side CI < 1 and 2 are
nearer to additive line Cl= 1. (C)
Isobolograms. Isobolograms for 50 % (Fa 0.5),
75 % (Fa 0.75), and 90 % (Fa 0.9) inhibition
are shown. The data points of the combination
on the diagonal line indicates additive effect,
on the lower left indicates synergism, and on
the upper right indicates antagonism. Here,
IC50, IC75 and IC90 showed synergism.
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effect as compared to GEM alone. Surface electrostatic functionalization
technique is simple and cost-effective method when compared to dis-
ulfide linkers, dipeptide linkers and hydrazone bonds (amine groups
with covalent linker). In this work, we attempted to test how surface
functionalization could increase the cytotoxicity of a cytotoxic drug
(GEM) when combined with a non-cytotoxic dose of AgNP. The novelty
in this work highlights specifically the evaluation of the cytotoxic ef-
fects of non-cytotoxic dose of AgNPs with Gemcitabine. The results
outcome confirmed that cytotoxicity of GEM was enhanced, and sy-
nergistic effect was achieved with non-cytotoxic dose of AgNPs.

4. Conclusion

In this study, we investigated the synergism between GEM and
AgNP in order to reduce the dose of AgNP and its associated toxicity. To
improve the safety and efficacy of metallic nanoparticles, we used GEM
as a “model” drug and prepared GEM conjugated with non-cytotoxic
doses of AgNP. The stable AgNP were prepared using PVP. The pre-
pared GEM-(non-cytotoxic AgNP) improved the cytotoxic effect of GEM
in MDA-MB-453 cell line. The IC50 value of GEM-(non-cytotoxic AgNP)
was significantly lower when compared to GEM alone. The synergism
between the agents was confirmed by CompuSyn software. The GEM-
(non-cytotoxic AgNP) conjugates significantly increased the cytotoxi-
city when compared to GEM alone. Thus, a significant improvement in
cytotoxicity was achieved with non-cytotoxic AgNP concentration.
Functionalization of anticancer drugs with noncytotoxic doses of AgNP
could be an effective therapeutic strategy for efficacious cancer treat-
ment. In future the obtained GEM-AgNP conjugates would be delivered
to the cancer site with suitable polymeric drug delivery system.
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