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ABSTRACT
Objective(s): Nowadays, the unique and fascinating properties of graphene‐based nanocomposites make 
them one of the most promising materials for therapeutics, delivery carriers as well as tissue engineering. 
On the other hand, silver nanowire has been attracting more attention in nanomedicine applications, too. In 
this study, the effects of synthesized silver nanowire/reduced graphene oxide (AgNWs/rGO) composites on 
the structure and esterase-like activity of Human Serum Albumin (HSA), as well as its impacts on Human 
Endometrial Stem Cells (hEnSCs), were evaluated
Materials and Methods: AgNWs/rGO composite was first synthesized and fabricated. Subsequently, its 
effects on the structure and esterase-like activity of HSA were evaluated by UV-Visible spectroscopy, circular 
dichroism spectroscopy, and fluorescence spectroscopy. Afterward, its impacts on the viability and growth of 
hEnSCs were studied by MTT assay, DAPI staining, and flow cytometry analysis.
Results: The spectroscopic results showed that AgNWs/rGO composite could form a complex with HSA, 
however, did not affect the secondary structure of HSA and the binding constant for this complex was found 
to be 5.4×104 mL.mg-1. Furthermore, HSA maintained most of its activity in the presence of the AgNWs/
rGO composite. Based on FRET (fluorescence resonance energy transfer) data the value of r0 was less than 
7 nm signifying that the energy transfer from HSA to AgNWs/rGO composite occurs with a high level of 
possibility. The MTT assay, DAPI staining, and flow cytometry analysis indicated that the AgNWs/rGO 
composite was non-toxic towards hEnSCs. 
Conclusion: Our results suggest that the prepared AgNWs/rGO composite, potentially, is suitable in 
nanomedicine applications such as tissue engineering and drug delivery.

Keywords: Esterase-Like Activity, Human Endometrial Stem Cells, Human Serum Albumin (HSA),Silver 
nanowire/reduced graphene oxide,  Zeta Potential

INTRODUCTION
Graphene (one of the carbon crystalline forms) 

is single-monolayer carbon atoms strongly packed 
into a two-dimensional (2D) honeycomb lattice. 
Each carbon atom of graphene has one out-of-
plane π-bond and three σ-bonds that can interact 
with neighboring atoms [1, 2]. Due to its electron 
distribution and atomic structure, graphene has 

glamorous physicochemical properties such as 
a large surface area (about 2600 m2.g-1), best 
thermal, mechanical, and electrical properties, 
distinctive optical behaviors, as well as excellent 
chemical stability.

Thru physicochemical modifications, graphene 
sheets can be converted into graphene-related 
materials with unique properties for example 
graphene oxide (GO) and reduced graphene oxide 
(rGO) [3]. Since 2004, these kinds of materials have 
attracted interest in the field of biomedicine such 
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as cancer therapy, drug delivery, photothermal 
therapy, regenerative medicine, gene transfection, 
antibacterial activity, several biological imaging 
modalities, and also tissue engineering [1, 3-7]. 
However, the genotoxicity and cytotoxicity of 
graphene, even at low concentration (10 μg/
mL), have been shown. Consequently, further 
treatments and attentions are required in bio-
applications of graphene which normally require 
high concentrations of graphene (>10 μg/mL). It 
has been verified that functionalized graphene 
could induce lower cytotoxic effects [8, 9]. It has 
been shown that graphene and GO can interact 
with biomolecules for instance proteins, DNA, 
peptides, and enzymes [1, 10, 11]. 

Nano-silver, as one of the most valuable 
nanomaterials, has been applied in the bio-
nanotechnology industry extensively with a focus 
on its antibacterial, antifungal, antiviral, and 
especially antitumor activity [12]. Nano-silver 
materials can synthesize in various shapes such 
as silver nanowires (AgNWs), silver nanocubes 
(AgNCs), silver nanoparticles (AgNPs), and 
silver nanorods (AgNRs). Nanowires are one 
type of one-dimensional (1D) nanomaterials. 
Currently, 1D nanostructures have attracted a 
lot of attention, and scientists have discovered 
innovative procedures for producing nanowires 
[13]. Nowadays, AgNWs have also been utilized in 
nanomedicine and nanobiotechnology including 
drug delivery, biomarker detection, wearable 
devices, biosensors, and biomimetic scaffolds [14].

Human serum albumin (HSA) is a helical triple-
domain structure protein contains 585 amino 
acids in its single polypeptide chain [15]. The 
study of the interaction between nanomaterial 
and HSA has been a great area of research in 
chemical biology and pharmacology. Binding 
of nanomaterial to HSA results in increased 
nanomaterial solubility in plasma as well as 
decreased toxicity. This binding can affect the 
distribution and elimination of nanomaterial 
[16]. However, binding of the nanomaterial with 
HSA could alter the intramolecular forces that are 
responsible for stabilizing the HSA conformation. 
Consequently, the investigation of the binding 
induced structural variations in the secondary and 
tertiary structure of HSA in vitro upon interaction 
with nanomaterial remains important in terms of 
verifying the biocompatibility of nanomaterial in 
vivo [17]. 

Stem cells are characterized by their capacity 

to initiate tissue-specific committed progenitors 
or differentiated cells or proliferate indefinitely 
(self-renewal). The human endometrium is a 
very dynamic tissue, which undergoes cycles of 
regression and growth with each menstrual cycle. 
The human endometrial stem cells (hEnSCs) can 
expand rapidly without leading to major technical 
and ethical issues and also can generate a higher 
overall clonogenicity, thus, they have unique 
potential as autologous therapeutic agents [18, 
19].

As mention earlier, the unique and fascinating 
properties of graphene-based nanocomposites 
make them one of the most promising materials 
for therapeutics, delivery carriers as well as 
tissue engineering. Even though numerous 
challenging issues remain, the biomedical 
applications of graphene-based nanocomposites 
have noteworthy potential. Consequently, in this 
article, at first, silver nanowire/reduced graphene 
oxide composite (AgNWs/rGO composite) was 
synthesized and characterized. Then, the probable 
effects of the prepared AgNWs/rGO composite 
on HSA structure and its esterase-like activity in 
physicochemical terms were evaluated. Afterward, 
the impacts of AgNWs/rGO composite on the 
growth and viability of hEnSCs were investigated. 
The findings obtained from this investigation can 
provide useful information for the wide application 
of AgNWs/rGO composite in the nanomedical field 
especially tissue engineering and drug delivery.

MATERIALS AND METHODS
Materials

Graphite powder, sulfuric acid, purified 
sodium nitrite (NaNO3), purified potassium 
permanganate (KMnO4), hydrogen peroxide (H2O2 
30%), hydrochloric acid, purified silver nitrate 
(AgNO3), ethylene glycol (EG), platinum chloride, 
polyvinylpyrrolidone (PVP; MW=55000), acetone, 
ethanol, methanol, and sodium nitrite were acquired 
from Merck Co. (Germany). Human Serum Albumin 
(lyophilized powder, essentially fatty acid-free), 
hydrazine hydrate (N2H4), Tris(hydroxymethyl)
aminomethane (Tris-base), p-nitrophenyl acetate 
(p-NPA), DAPI (4’-6-Diamidino-2-phenylindole), and 
MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl 
tetrazolium bromide) were acquired from Sigma 
Aldrich Co. (USA). The cell culture medium (DMEM), 
penicillin fetal bovine serum (FBS), streptomycin, 
and Trypsin-EDTA were supplied by Gibco (USA). 
The Annexin FITC Kit was acquired from the IQ 
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product (Netherlands).

Instruments
The Barnstead™ Nanopure infinity water 

purification system (USA), the Varian Cary 100 
Bio UV-Visible Spectrophotometer (Agilent 
Technologies, USA), the FTIR spectrometer 
(NEXUS 870, Thermo Nicolet; the Thermo Fisher 
Scientific, USA), the AVIV 215 Circular Dichroism 
Spectrometer (Aviv Biomedicals Inc., USA), the 
scanning electron microscope (SEM; Zeiss DSM 
960A, Carl Zeiss, Germany), the transmission 
electron microscopy (TEM; Philips EM-208, 
Netherlands), the XRD (Seifert 3003 T/T, Seifert, 
Germany), the Zeta-Potential (Zetasizer Nano-ZS, 
Malvern Instruments Ltd, UK), the ELISA reader 
(Model Expert 96, Asys HitChech, Austria), the 
Flow cytometry (Partec PAS III, Parted, Germany), 
the fluorescence microscope (Axoscope 2 plus, 
Zeiss, Germany), and the Cary Eclipse fluorescence 
spectrophotometer (Agilent Technologies, USA) 
were applied. 

Synthesis of reduced graphene oxide (rGO)
At first, GO was synthesized chemically by 

utilizing a modified Hummers’ method [2, 7]. 
Briefly, 0.5 g of graphite powder was dispersed in 
23 mL sulfuric acid (H2SO4) and kept at an ice bath 
(below 0°C temperatures) and stirred for 10 min. 
Subsequently, 0.5 g of sodium nitrite (NaNO3) 
was added to the acidic graphite dispersion with 
continuous stirring (below 0 °C temperatures). 
After 2 hr, 3 g of KMnO4 was added to the 
suspension very slowly and the reaction was 
continued by stirring the solution at 0 °C. After 
10 min, the ice bath was removed, then the 
temperature of the reaction was incremented 
to 35°C. Subsequently, the mixture was stirred 
for 4 hr. Then, the mixture was diluted with slow 
addition of deionized water (100 mL). The solution 
was stirred for 30 min and subsequently, the 
reaction temperature was incremented rapidly to 
98 °C. At this step, the mixture color changed to 
brown color. By adding 3 mL of H2O2 and 50 mL of 
deionized water, the reaction was completed, and 
the color of the solution changed to yellow color. 
For purification, the as-made GO was washed 
once utilizing hydrochloric acid (HCl) diluted 
through water and centrifuged. The final washing 
was performed by deionized water numerous 
times until the pH of GO solution reached 7. After 
washing, the exfoliation process was performed 

utilizing ultra-sonication (120 W) for 1 h. Finally, 
the as-synthesized GO was dried in an oven at 50 
°C for 24 hr. The GO was obtained as a powder. 
For the synthesis of rGO, 0.5 ml N2H4 was added 
to 0.1 wt.% GO aqueous solution (50 ml). The 
mixture was then stirred for 24 h in a water bath 
of 95°C. Black precipitates appeared through the 
reduction. By vacuum filtration, the rGO product 
was collected and desiccated with the freeze-drier 
for 48h.

Synthesis of silver nanowire (AgNWs)
AgNWs were synthesized consistent with slight 

modifications to the solvothermal procedure [20]. 
At first, PVP (3.1 g) and NaCl (32 mg) were dissolved 
in 28 mL of EG. Then, 0.5 g of AgNO3 was dissolved 
in 42 mL of EG in dark. Subsequently, the reaction 
solution of PVP/EG/NaCl was injected into the 
AgNO3/EG solution drop by drop under vigorous 
stirring. The mixture solution was then kept at 
120 for 10 min and transferred to the Teflon-lined 
autoclave and kept at 160 for 7 hr. Finally, the 
autoclave was cooled down to room temperature. 
The reaction products were washed with ethanol 
and the mixture was centrifuged at 2000 rpm for 20 
min. This centrifugation procedure was repeated 
many times till the supernatant became colorless 
and NWs samples free of smaller particles were 
acquired. The stock suspension of AgNWs was 
stored at 4 in dark for further characterizations.

Synthesis of silver nanowire/reduced graphene 
oxide composite (AgNWs/rGO composite)

The AgNWs/rGO composite was synthesized 
using the hydrothermal method [7, 21]. At first, 
35 mg of as made rGO was dispersed in 20 mL 
of deionized water and stirred until the mixture 
became homogeneous. After that, the mixture 
solution was sonicated for 1 hr. Afterward, in 
separate flasks, 10 mg of as-made AgNWs was 
dispersed in 20 mL deionized water and stirred until 
the solution became homogeneous. To facilitate 
the AgNWs/rGO composite assembly process, the 
AgNWs solution was added dropwise to the rGO 
solution and stirred for 2 hr to complete mixing. 
Next, the mixture was sonicated for about 20 
min. Afterward, the final product was transferred 
to a Teflon-lined autoclave then heated at 180 °C 
for 18 hr. To remove unreacted components, the 
black precipitation was washed 5 times through 
ethanol. Later, the product was poured into the 
plate and dried at 50°C in an oven for 24 h. Finally, 
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the AgNWs/rGO composite powder was collected 
and stored for further characterizations.

Nanomaterial characterization
rGO, AgNWs, and AgNWs/rGO composite 

powder were used to take X-ray diffraction 
(XRD). The XRD patterns were obtained using 
Cu Kα radiation of a wavelength of 0.154 nm. By 
employing the Scherrer equation (Eq. 1), the crystal 
size (D) of nanomaterials was calculated [22]. In 
this equation, λ, β and θ are the wavelength of 
the X-rays in nanometer (nm), the peak full width 
of the diffraction peak profile at half-maximum 
height (in radians), and the scattering angle in 
radians, respectively.

                          

Fourier transform infrared (FTIR) spectra in the 
range of 400-4000 cm-1 and Ultraviolet-Visible 
(UV-Vis) spectra in the range of 230-500 nm of rGO, 
AgNWs, and AgNWs/rGO composite were acquired 
by FTIR and UV-Vis spectrometer, respectively. The 
surface morphology of rGO, AgNWs, and AgNWs/
rGO composite was analyzed by scanning electron 
microscope (SEM). The average diameter of the 
nanomaterials was statistically calculated utilizing 
a computed image analyzer (ImageJ) by measuring 
25 distinct points at random. The diameters were 
presented as the average ± standard deviation. 
The morphology of as-synthesized samples was 
characterized by utilizing a transmission electron 
microscope (TEM). Samples were made by drying 
a droplet of nanomaterial suspension on a carbon-
coated copper grid.

Steady-state fluorescence measurements
Steady-state fluorescence emission spectra 

of HSA (15.0 μM) after addition of AgNWs/rGO 
composite (10-55 mg/mL) were explored. The width 
of the slits for excitation and emission were 10 nm 
and 10 nm, respectively. The experiments were done 
in a quartz cell (1 cm path length). The excitation and 
emission wavelengths were 280 nm and 348 nm, 
respectively. For inner filter effect correction caused 
by the attenuation of the signals of the excitation and 
emission produced from the quencher absorption, 
Eq. 2 was used [15].    
                                    

In equation 2, Fcorr, Fobs, Abex, and Abem 
are the corrected intensities, the observed 
fluorescence intensities, the mixture absorption 

at excitation, and the mixture absorption at 
emission wavelengths, respectively. All trials were 
performed in a Tris-based buffer (0.1 M, pH 7.4).

 
Ultraviolet-visible (UV-Vis) measurements

The UV–Vis spectra of 15.0 µM solution of HSA 
after the addition of diverse amounts of AgNWs/
rGO composite (10-55 mg/mL) were recorded at 
37 °C. All experiments were run and verified in 
Tris-based buffer (0.1 M, pH 7.4) in a 1 cm quartz 
cell.

Circular dichroism (CD) measurements
The far-UV CD spectra of 15.0 µM solution of 

HSA in the absence and presence of AgNWs/rGO 
composite (55 mg/mL) were recorded from 190 to 
260 nm. The experiments were done in a quartz 
cell (0.1 cm path length).The speed of scanning was 
20 nm min-1 and the resolution was 0.2 nm. Thru 
subtracting the proper baseline, each CD spectra 
were corrected. Experiments were performed in a 
Tris-based buffer (0.1 M, pH 7.4) at 37 ºC. The CD 
spectra deconvolution software (CDNN; version 
2.1) was utilized to deconvolute all CD- spectra 
based on the spectra ranging from 190 to 260 nm. 

Zeta potential measurements
The zeta (z) potential of HSA (15.0 µM), AgNWs/

rGO composite (55 mg/mL) and HSA-AgNWs/rGO 
composite were measured. The test suspension 
was diluted with deionized water. Results from five 
experiments were averaged.

Esterase-Like activity assay 
The impact of AgNWs/rGO composite on the 

esterase-like activity of HSA was investigated 
with the synthetic substrate p-NPA (p-nitrophenyl 
acetate). HSA upon interacting with p-NPA released 
p-nitrophenyl. The reaction mixture contained 
50 μM p-NPA, 15 μM of HSA solution, and 55 
mg.mL-1 AgNWs/rGO composite. The absorbance 
of the released p-nitrophenyl was recorded at 
400 nm using a UV-Vis spectrophotometer. The 
molar extinction coefficient (ε) was taken as 
17700 M−1 cm−1 to analyze the concentration of 
p-nitrophenol [23]. One unit of esterase activity 
was defined as the amount of enzyme required to 
release 1 μM of p-nitrophenol per min at 37 °C.

Cells and cell culture
The human endometrial stem cells (hEnSCs) 

were a kind gift from professor J. Ai [18, 19]. 
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The hEnSCs were maintained in DMEM medium 
accompanied by penicillin and streptomycin 
(1%), and heat inactivated FBS (10%) in a 5% CO2 
humidified atmosphere incubator at 37 °C. Every 
three days, the medium was changed and passage 
three were utilized for the experiments.

Cell viability and proliferation assay 
The MTT reduction assay was utilized to 

measure the cellular metabolic activity of hEnSCs 
in the presence of AgNWs/rGO composite [18]. 
The hEnSCs were collected with trypsin-EDTA 
(0.05%) once 90% of confluence was reached in 
T25 flasks. Subsequently, the hEnSCs were washed 
with PBS buffer then 1×104 cells were seeded into 
each well of 96-well plates at a growth medium of 
170 µL and left to attach to the plates. Later, the 
hEnSCs incubated with numerous concentrations 
of the sterilized AgNWs/rGO composite (10, 30, 50, 
70, 90, and 110 µg/mL). After 48 h of incubation, 
the medium of all wells was replaced by a fresh 
medium. Afterward, 20 μL MTT (5 mg/mL in PBS 
buffer) was added into all wells and incubated for 
4 h at 37 °C. Subsequently, the insoluble formazan 
formed was dissolved in DMSO (100 µl). The OD 
(optical density) of all wells, which was considered 
as a function of the concentration of converted 
dye, was verified at a wavelength of 570 nm 
employing an ELISA reader. 

Flow cytometry analyses
The hEnSCs were plated into 24-well plates 

at a density of 106 cells/well and left to attach 
to the plates. Subsequently, cells were incubated 
with 70 and 110 µg/mL of the sterilized AgNWs/
rGO composite. After 48 h, the cells were collected 
through centrifugation at 1000g for 5 min and 
washed by PBS twice, and suspended in 100 µL 
of Annexin V binding buffer. Consequently, the 
hEnSCs were double-stained with 10 µL FITC-
labeled Annexin V and 10 µL PI (Propidium iodide) 
solution (50 µg/mL in PBS). The samples were 
incubated at room temperature in the darkness 
for 20 min, subsequently investigated through 
flow cytometry.

DAPI staining
Approximately 1×105 cells/well were seeded 

in 24-well plates and incubated with sterilized 
AgNWs/rGO composite (70 and 110 µg/mL) for a 
time course of 48 h. The hEnSCs were washed with 
cold PBS and adjusted to a cell density of 1×106 

utilizing PBS. DAPI solution (1 mg/mL in double-
distilled H2O) was added to the cell suspension 
at a final concentration of 100 µg/mL. Then, the 
cellular morphology was visualized through a 
fluorescence microscope.

Statistical analysis
The data are recorded as mean ± standard 

deviation of the mean (n=3). A one-way analysis 
of variance (ANOVA) was utilized to compare the 
mean of different data sets, and the value of P ≤ 
0.05 was considered as statistically significant.

Fig 1. X-ray diffraction patterns (A); UV-Vis spectra (B); and FTIR 
spectra (C) of rGO, AgNWs, and AgNWs/rGO composite
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RESULTS AND DISCUSSION
Characterization of nanomaterials

X-ray diffraction (XRD) is the most applied 
technique for the characterization of crystalline 
material. Fig 1A demonstrates a sharp peak at 
2θ~23.9° (with inter planner distance of 3.72 Å) 
and a small peak at 2θ~43.8°, relating to the (002) 
and (100) planes of the rGO structure, respectively 
(ICDD No: 75-1621). No diffraction peak at 2θ~11° 
can be detected, signifying a complete reduction 
of GO to rGO [2]. Fig. 1A demonstrates diffraction 
peaks of AgNWs at 2θ~38.4°, 44.7°, 64.2°, and 
77.8°, corresponding to the crystallographic 
planes of (111), (200), (220), and (311) of the face-
center-cubic Ag, respectively (ICDD No: 04-0783). 
This observation is consistent with those of Roy et 
al. [2]. The determined inter planner distance for 
peaks (111), (200), (220), and (311) were 2.36 Å, 
2.03 Å, 1.45 Å, and 1.23 Å, respectively. By using 
the Scherrer equation (Eq. 1) the AgNWs crystal 
size was estimated to be~50 nm in the (111) 
direction and 47 nm in the (200) direction. No 
other peaks can be detected, proving a high purity 
of the prepared AgNWs. Additionally, sharp and 
strong peaks indicated that the prepared AgNWs 
possess an excellent crystalline degree. As seen in 
Fig. 1A, AgNWs/rGO composite has a diffraction 
peak of both rGO and AgNWs. The diffraction 
peaks at 2θ~38.4° (111), 44.7° (200), 64.2° (220), 
and 77.8° (311) belong to crystalline Ag and the 
diffraction peaks at 2θ~23.9° (002) and 43.8° (100) 
belong to rGO. No diffraction peaks for any other 
impurities were detected. A peak at 38.4° is a 
distinctive peak for the Ag metal, which indicates 
that the Ag is present on the surface of rGO. This 
result coincided with that reported by Roy et al. [2]. 
The diffraction peak intensity of rGO at 2θ~23.9° 
was observed to be decreased, which confirmed 
that the AgNWs were well dispersed and were 
attached to the layers of the rGO surface. Applying 
Eq. 1, the mean crystallite size of the AgNWs/rGO 
composite was calculated to be 30 nm in the (111) 
direction. 

The UV-Vis spectra of rGO, AgNWs, and 
AgNWs/rGO composite are shown in Fig. 1B. The 
prepared rGO possesses an absorption peak at 
around 265 nm. According to the literature, GO 
exhibited an absorption peak at 230 nm (due to 
the aromatic C–C ring transition) and a weak broad 
absorption peak at a wavelength 300 nm (due to 
the C=O bonds transition) [2]. Thus, the presence 
of the absorption peak at around 265 nm and 

the absence of an absorption peak at 300 nm in 
as-synthesized rGO can be due to the reduction 
in oxygen functional groups [2]. The UV–Visible 
absorption spectrum of as-synthesized AgNWs in 
deionized water exhibited two absorption peaks, 
at around 350 nm and 380 nm. The peak at 350 
nm is due to the longitudinal mode of AgNWs or 
attributable to the out-of-plane quadrupole mode 
of AgNWs. The absorption peak at around 380 nm 
corresponds to the AgNWs transverse plasmon 
resonance [24]. The AgNWs/rGO composite 
exhibited noteworthy adsorption peaks centering 
at around 265 nm, 350 nm, and 380 nm which 
were characteristic peaks of rGO and AgNWs, 
respectively. This observation is consistent with 
those of Tran et al. [24]. 

Fourier transform infrared spectroscopy (FTIR) 
was employed to clarify the functional groups of 
rGO, AgNWs, and AgNWs/rGO composite (Fig. 1C). 
The C–O stretching vibration of the alkoxy group 
(1038 cm−1), a very weak C–O stretching (1270 
cm−1), and C=C stretching vibration of aromatic 
groups (1647 cm−1) were detected in the FTIR 
spectra of as-made rGO. The absence of carbonyl 
and carboxylic acid C=O stretching vibration (1733 
cm−1) specified the negligible amount of oxidation 
in the rGO sample [2]. In the FT-IR spectrum of the 
as-made AgNWs, the presence of a peak at the 
wavenumber of 3432 cm-1 is associated with the 
OH groups of solvents. The presence of peaks at 
2924 cm-1 and 2822 cm-1 corresponding to the 
symmetric and asymmetric stretching vibration 
of CH2 in the PVP chain, respectively. The peak at 
2899 cm-1 is related to the asymmetric stretching 
vibration of CH2 in the heterocyclic ring of PVP. 
The peak at the wavenumber of 1644 cm-1 is 
related to the C=O stretching vibration of PVP. 
These peaks in the FTIR spectrum of AgNWs 
signify the traces of PVP remaining in the as-made 
AgNWs [25]. A very weak C–O stretching (1270 
cm−1), C–O stretching vibration of alkoxy group 
(1048 cm−1), C=C stretching vibration of aromatic 
groups (1647 cm−1), and O–H stretching vibration 
(3433 cm−1) were distinguished in the FTIR spectra 
of AgNWs/rGO composite [2]. However, there is 
a considerable reduction in the intensity of the 
absorption bands of the functional groups which 
can be probably attributable to the existence of 
AgNWs on the rGO surface.

Scanning Electron microscopy (SEM) imaging 
of as-synthesized rGO exhibited a degree of 
agglomeration of graphene layers (Fig 2A). 

A. Hekmat  et al. / AgNWs/rGO composite on the structure and esterase-like activity of HSA and its impacts on hEnSCs
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Agglomeration happened because rGO sheets 
tend to aggregate during the drying of dispersion. 
There were also some folds on the surface of rGO 
sheets which could have been produced during 
the sample preparation. These observations 
were similar to the results found by Yousef et al. 
[26]. Fig 2B exhibited the SEM image of AgNWs, 
demonstrating a structure of AgNWs. It can be 
seen in Fig 2C that the AgNWs/rGO composite 
was formed and the surface of rGO was decorated 
with AgNWs. It can be seen that AgNWs prevented 
the agglomeration of rGO lamellae, which 
demonstrated a good interfacial interaction 
between the AgNWs and rGO. 

A TEM image of rGO exposes the folded 
structure (Fig 2D). The TEM image of the as-
synthesized AgNWs exhibits a uniform structure 
(Fig 2E). The as-synthesized AgNWs has an average 
diameter of 51 nm, which is in good consistency 
with XRD data. TEM image of AgNWs/rGO 
composite displays that AgNWs (with an average 
size of 29.1 nm) adsorbed and dispersed uniformly 
on each side of the rGO sheets (Fig 2F). It can be 
detected that the average diameter of AgNWs in 
AgNWs/rGO composite significantly decreased 
compared with that of pure AgNWs. To determine 
the weight and atomic percentage of elemental 
components of AgNWs/rGO composite, EDX 
analysis was performed (Fig 2G). As shown in the 

EDX spectra of AgNWs/rGO composite C, Ag, and 
O are the major elements in the as-synthetized 
composite (44 wt.% C, 8 wt.% O, and 45 wt.% 
Ag). A peak near 1.0 keV was detected, which 
corresponds to C, and a peak around 3 keV was 
associated with the binding energy of AgL. 

Steady-State fluorescence studies 
One of the most effective techniques to explore 

protein folding and protein-ligand interaction is 
fluorescence spectroscopy [27]. Commonly, the 
intrinsic fluorescence of HSA is obtained by the 
lone Trp (Tryptophan) residue of HSA which is 
located at position 214 (the Trp 214 residue) [28]. 
Any alterations in polarity around the Trp 214 
residue (fluorophore) could be evaluated by the 
shift in the fluorescence emission peak (λmax,em) 
[27]. As shown in Fig 3A, HSA has an obvious and 
strong λmax,em at around 349 nm after being 
excited with a wavelength of 285 nm, however, 
AgNWs/rGO composite has almost no fluorescence 
intensity in its free form in solution. The titration 
of the AgNWs/rGO composite initiated a reduction 
in the fluorescence intensity of HSA with no shift. 
This phenomenon points out the formation of a 
complex between AgNWs/rGO composite and 
HSA [29]. Our data correlated well with those 
of Nan et al. [30] who have established that no 
shifted in the λmax,em of BSA after the addition of 

Fig 2. SEM images of rGO (A), AgNWs (B), and AgNWs/rGO composite (C); TEM images and the corresponding particle size distribution 
histograms of rGO (D), AgNWs (E), and AgNWs/rGO composite (F); EDX images of AgNWs/rGO composite from SEM (G)
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GO revealed that the polarity around Trp 214 was 
not changed. This result is also in agreement with 
the conclusion derived from BSA and rGO-silver 
nanoparticles composite fluorescence quenching 
data [31]. The comparison of the present result 
with prior observations [20, 29-31] leads to the 
following conclusion: the interaction between 
AgNWs/rGO composite and HSA could induce 
minor conformational modifications with limited 
effects on HSA structure. A reduction (quenching) 
in the λmax,em of HSA also indicated that the 
AgNWs/rGO composite could bind near the Trp 
214 amino acid residue [32]. 

Determination of quenching mechanism 
Any process that initiates a reduction in the 

fluorescence emission peak could be considered 
as quenching which could occur by several 
molecular mechanisms, for example, energy 
transfer, molecular rearrangement, ground-
state complex formation (static quenching), and 
collisional (dynamic) quenching [30, 33]. Hence, 
the classical Stern-Volmer equation (Eq. 3) was 
utilized to realize the mechanisms involved in the 
quenching phenomenon [31, 34]:

Where F, F0, and [Q] are the fluorescence data 
in the presence of AgNWs/rGO composite, 
fluorescence data in the absence of AgNWs/rGO 
composite, and the concentration of quencher 
(AgNWs/rGO composite), respectively. KSV is the 
Stern-Volmer dynamic quenching value constant 
[33, 34].  Applying Eq. 3, the plot for F0/F vs. 
[AgNWs/rGO composite] was drawn (inset of Fig 
3B).
As illustrated, the experimental Stern-Volmer 
plot for AgNWs/rGO composite displayed a 
positive deviation. Accordingly, the mechanism 
of binding of AgNWs/rGO composite to HSA 
commenced mainly through the formation of the 
non-fluorescence complex (static quenching) [35]. 
This data correlated well with those of Nan et al. 
[30] who have determined that the quenching 
mechanism of GO-BSA principally occurred 
through static quenching.

Determination of binding parameters
The KA (the binding constant) and n (the 

number of binding sites) were determined for 
HSA-AgNWs/rGO composite. Presuming that there 

were independent and equivalent binding groups 
in HSA, along with Eq. 4, KA and n were calculated 
[36].

                       

Consistent with Fig 3B the values of KA and n 
for HSA-AgNWs/rGO composite were attained. 
The plot presented a good linear relationship. 
Consistent with Fig. 3B, we calculated KA = 5.4×104 
mL.mg-1 and n = 0.9. The value of n was nearly 
equal to 1 suggesting that AgNWs/rGO composite 
could bind to HSA, forming a 1:1 adduct. This data 
correlated well with those of Nan et al. [30] and 
Zhang et al. [31] who have confirmed a single 
binding site existence in BSA through interacting 
with GO and rGO-silver nanoparticles, respectively. 
It is important to mention that KA value is 
commonly expressed in M-1 unit. However, 
because the exact molecular weight of AgNWs/
rGO composite cannot be determined, in this 
work, we expressed its value in mL.mg-1 unit.  

Fig 3.The fluorescence emission spectra of HSA after adding 
various concentrations of AgNWs/rGO composite (A). The 
fluorescence emission of free HSA (a), the fluorescence 
quenching with increasing concentrations of nanomaterial 
(b-k), and the fluorescence of AgNWs/rGO composite alone 
(l). The Modified Stern-Volmer plot of HSA in the presence 
of diverse concentrations of AgNWs/rGO composite (B). The 
Inset indicates the classic Stern–Volmer plot of HSA in the 
presence of diverse concentrations of AgNWs/rGO composite. 
The data are obtained from the Means of three independent 

measurements ± SD
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Fluorescence resonance energy transfer (FRET) 
Studies

FRET has been utilized as a “spectroscopic 
ruler” for analysis of the distance (r) between the 
acceptor (ligand) and the donor (Trp residues in the 
protein). By utilizing FRET, the distance between 
AgNWs/rGO composite and HSA can be estimated 
[32]. Along with the Förster theory, the distance of 
binding between AgNWs/rGO composite and HSA 
and the efficiency (E) of the energy transfer between 
the donor (HSA) and the acceptor (AgNWs/rGO 
composite) can be calculated by Eq. 5 [30].

Where R0 is the critical distance when the transfer 
efficiency between the acceptor and donor is 50% 
[32].

In Eq. 6, K2 and N are the dipole special orientation 
factor and the refracted index of the medium, 
respectively [32]. Moreover, Φ and J are the HSA 
fluorescence quantum yield and the integral 
overlap area between the HSA emission spectrum 
(the donor) and the absorption spectrum of 
AgNWs/rGO composite (the acceptor), respectively. 
J can be calculated according to Eq. 7 [32].

                                                   
Where ε(λ) and F(λ) are the extinction coefficient 
of AgNWs/rGO composite at wavelength λ and 
the corrected fluorescence intensity of HSA in the 
wavelength range λ to λ+Δλ, respectively [32].

Fig 4. Spectral overlap of an absorption spectrum of AgNWs/
rGO composite (a) with fluorescence emission spectrum of HSA 

(b)

The overlap of fluorescence spectra of HSA 
(15.0 μM) and the UV absorption spectra of 
AgNWs/rGO composite (55 mg/mL) is displayed 

in Fig 4. There was a good overlapping between 
the fluorescence emission spectrum of HSA and 
the absorption spectra of AgNWs/rGO composite. 
In the present case, applying K2 = 2/3, N = 1.336, 
and Φ = 0.12 as well as applying Eqs. (5)-(7), we 
calculated R0 = 7.8 nm, E = 0.7, and r0 = 6.8 nm. 
The value of r0 is less than 7 nm signifying that 
the energy transfer from HSA to AgNWs/rGO 
composite occurs with a high level of possibility 
[32]. This data described the efficient quenching of 
the HSA fluorescence in the presence of AgNWs/
rGO composite.

UV absorption measurements
To provide information for the structural 

effect of AgNWs/rGO composite on HSA, the UV 
absorption spectra of HSA in the absence and 
presence of nanocomposite were acquired. As 
illustrated in Fig 5, HSA has two strong absorption 
bands (λmax): ~220 nm and around 280 nm. The 
absorption band at around 220 nm assigned to the *nð → transition of C O=  in the HSA backbone 
[34, 36]. The λmax at approximately 280 nm in 
the HSA spectrum is attributed to the 

*ð ð→
transition of phenyl rings in Trp, Tyr (Tyrosine) as 
well as Phe (phenylalanine) [36]. 

Fig 5. The UV-Visible spectra of HSA (a) with increasing 
concentrations of AgNWs/rGO composite (b-k). The inset 
illustrates the alterations in HSA maximum absorbance (280 
nm) in the presence of various AgNWs/rGO composite in the 

wavelength range of 240 to 300 nm

The λmax at 280 nm is dependent on the 
micro-environment of the aromatic residues [36]. 
Besides, the λmax at 220 nm signifies the HSA 
framework structure. As realized in Fig 5, after the 
addition of AgNWs/rGO composite the absorption 
intensity of HSA increased at 220 nm and 280 nm, 
which demonstrated minor structural variations in 
the micro-environment around the amide bonds 
of HSA. 
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There is no red shift or blue shift in the λmax 
at 280 nm, indicating that the reaction between 
AgNWs/rGO composite and HSA is a noncovalent 
interaction in nature [27]. Additionally, the 
AgNWs/rGO composite generated a slight redshift 
in the λmax near 220nm (from 220 nm to 223 nm). 
According to the literature, the λmax near 220 nm 
is initiated by the electron displacement transition 
of peptide bonds, it is also correlated with the 
spiral content of the α-helix structure of the protein 
[36]. Thus, an increment in the HSA spectra after 
the addition of AgNWs/rGO composite revealed 
that AgNWs/rGO composite was a favor for the 
union within and between the HSA molecules, and 
subsequently, the configuration of HSA altered. 
This alternation could induce the intramolecular 
effect as well as the α-helix quantity reduction 
[36]. When AgNWs/rGO composite was added 
into the HSA solution, fewer HSA molecules were 
attached to AgNWs/rGO composite. The HSA 
further denatured, and the main chain uncurled 
causing more probability to encounter H2O, 
particularly for the amide moieties that used to 
be in the hydrophobic pocket of HSA, i.e. the HSA 
peptide strands were loosened partly and the 
aromatic amino acids were subjected to a more 
hydrophilic area [34, 36]. Thus, the 

*ð ð→  
electronic transition energy gap was reduced, 
and the probability of electronic transition was 
incremented [36]. 

According to literature, in collisional quenching, 
no difference in the maximum absorption peak 
could be detected. However, an alteration in the 
intensity of λmax could be distinguished in the 
static quenching process [37]. The maximum 
absorption peaks of HSA were changed by adding 
diverse concentrations of AgNWs/rGO composite 
(Fig 5). This further confirmed the static quenching 
mechanism.

Table 1. Content of the secondary structure of 15 μM HSA in 
the absence and presence of AgNWs/rGO composite at 37 ºC

Circular dichroism (CD) spectroscopic studies 
The secondary structure of a protein is very 

sensitive to its environment. The CD spectra can 
be utilized extensively to study how secondary 
structure varies with environmental conditions 
[38]. As exhibited in Fig 6, two negative bands 
~208 nm and ~222 nm were detected in the 

far-UV CD spectrum of free HSA. The far-UV CD 
spectrum for all α-helical protein has two double 
minimum around 208 nm (for π→ π* transition) 
and 222 nm (for n→ π* transition) as well as a 
strong maximum around 191-193 nm (for π→π* 
transition) [39]. The energy and intensity of these 
transitions are related to the peptide bond angles 
(Ψ and Φ), and therefore the protein secondary 
structure. As shown in Table 1, free HSA consists 
of 52.87% α-helix, 23.14% β-sheet, and 23.97% 
random coil. Hence, our result demonstrated that 
HSA has an α-helical structure. This finding has 
been confirmed by other groups [27, 38]. 

Fig 6.The far-UV CD spectra of HSA in the absence (a) and 
presence of AgNWs/rGO composite (b)

From Fig 6 and Table 1, the addition of 
AgNWs/rGO composite to HSA solution caused 
a slight reduction in the ellipticity of HSA, which 
expressed that the α-helical content of HSA 
reduced. Wang et. al. [27] and Fu et. al. [40] 
stated that when the ellipticity of HSA diminishes 
moderately, demonstrating some loss of α-helical 
secondary structure. Our data correlated well with 
those of Zhao et al. [34] who have established a 
diminution in the α-helical structure f BSA and 
an increase in the β-sheet structure of BSA after 
the addition of carbon nanotubes. Corrêa and 
Ramos [39] published that the band at around 
222 nm is associated with the hydrogen-bonding 
environment of the α-helical secondary structure. 
Consequently, based on these publications we 
could deduce that due to the fact that the HSA 
ellipticity diminished partially after the addition of 
AgNWs/rGO composite, this nanomaterial could 
eliminate the hydrogen-bonding networks of HSA 
slightly. Importantly, the loss of α-helical content 
revealed that AgNWs/rGO composite binding 
could cause a little unfolding in the polypeptides 
of HSA, i.e., HSA preserves its secondary structure 

Random coil (%)c -Sheet (%)b -Helix (%)a  
24.97 22.14 52.87 HSA 
30.00 24.96 45.01 HSA-AgNWs/rGO composite 
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and helicity when interact with AgNWs/rGO 
composite [40]. 

Zeta potential studies 
The charge density or zeta (ζ) potential is a 

particle’s surface electrical charge measurement 
[41]. The ζ-potential of HSA in the absence and 
presence of nanocomposite were examined. 
The ζ-potential of free HSA was found to be 
-16.9±0.6 mV. This data is compatible with former 
observations [20, 42]. HSA is a 66 kDa protein 
with 585 amino acidic residues, isoelectric point 
(pI) 4.7, and 17 disulfide bridges. At neutral pH 
(7.4), HSA possesses regions that are strongly 
negatively charged even though it has positively 
charged pockets, too. The three domains of HSA 
contain net charges of -9 mv, -8 mv, and +2 mv (for 
domains I, II, as well as III, respectively) [42]. The 
ζ-potential magnitude of AgNWs/rGO composite 
in buffer was found to be -25.7±0.3 mV. This data 
is compatible with former observation [2]. After 
the addition of AgNWs/rGO composite to HSA, the 
surface charge was decreased to -12.7±0.6 mV. 
As mention above, at pH 7.4 the amphiphilic HSA 
is negatively charged, however, there are lots of 
positively charged Lys residues on the HSA surface. 
Roy et al. 

Fig 7. Effect of AgNWs/rGO composite on the activity of HSA (ns 
= non-significant)

[2] displayed that BSA could adsorb onto 
rGO through hydrophobic interactions and π-π 
stacking. Furthermore, previous observation 
displayed that the positively charged domain 
of BSA could interact with negatively charged 

surfaces of citrate-coated gold NPs or silica [43]. 
Consequently, HSA could interact with AgNWs/
rGO composite through specific chemical bonding 
between HSA and AgNWs owing to the presence 
of imidazole, thiol, and amine groups in HSA (i.e., 
His, Cys, and Lys, residues). 

Additionally, π-π stacking and hydrophobic 
interactions could play important functions in this 
interaction.

Analysis of the esterase-like activity of HSA
As mention earlier, our data showed that 

HSA maintains its secondary structure and its 
helicity when interacting with the AgNWs/
rGO composite. It has been published that two 
amino acid residues (Arg410 and Tyr411) of HSA 
situated in site II (subdomain IIIA) display catalytic 
cleavage mechanisms and contributed to the 
esterase-like activity of HSA [23]. As shown in Fig 
7, HSA maintained 87% of its original activity in the 
presence of AgNWs/rGO composite. 

Growth rates of human endometrial stem cell 
As shown in Fig. 8A, AgNWs/rGO composite did 

not have any negative effects on the proliferation 
rate of hEnSCs. However, at higher concentrations 
(>110 μg/mL) of AgNWs/rGO composite, some 
toxic effects (~25 −30% cell destruction) were 
detected. This result correlated well with those of 
Hatamie et. al. [8] who have shown that curcumin-
rGO could not induce apoptosis in mouse 
fibroblast L929 cell line at concentrations lower 
than 70 μg.mL-1. 

It has been also shown that rGO makes obvious 
cytotoxic effects in cells [8]. Consequently, the 
slight cytotoxic effects of AgNWs/rGO composite 
could be attributable to the presence of the AgNWs 
on the surface of rGO. The presence of AgNWs on 
the surface of rGO prevented aggregation of the 
reduced sheets as well as enhanced the effective 
thickness of the sheets. 

Morphological studies
It is accepted that the blue fluorescent DAPI 

marker binds with Adenine-Thymine groups in 
the minor groove of double-strand DNA. Binding 
of DAPI with double-strand DNA produces 
approximately 20-fold fluorescence enhancement. 
As shown in Fig 8B, the viable hEnSCs were 
uniformly blue. No significant differences were 
observed between the hEnSCs treated with 
AgNWs/rGO composite (70 μg/mL) and the control 
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Fig 8. The effects of AgNWs/rGO composite at varying concentrations on the hEnSCs growth (A). *P < 0.05 compared to untreated 
control cells. Fluorescence microscopic images of hEnSCs in the absence and presence of AgNWs/rGO composite (B). The cells were 

stained with DAPI

 

 

Control
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110 µg/mL
AgNWs/rGO composite 

Fig 9. Dot plots of PI vs. Annexin V staining followed by flow cytometry analyses for hEnSCs in the absence and presence of AgNWs/
rGO composite 
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group, which indicates that this nanocomposite 
has no toxic effects on the viability of the cells. 
However, at higher concentrations of AgNWs/rGO 
composite (>110 μg.mL-1) slight cytotoxic effects 
of AgNWs/rGO composite could be observed. 
This result is in agreement with the MTT assay 
experiment as mention above. 

Flow cytometry analysis
To approve that there was no incident of 

major under- or overestimation of cell death, 
the values of necrotic and apoptotic cells were 
measured by analyzing membrane integrity and 
phosphatidylserine externalization through flow 
cytometry [12]. The flow cytometry results are 
shown in Fig 9. Results exhibited that the value 
of the living cells did not decrease after the 
treatment of hEnSCs with AgNWs/rGO composite 
(70 μg/mL). However, at a higher concentration 
of AgNWs/rGO composite (110 μg/mL), the value 
of the living cells decreased slightly. Furthermore, 
the percentage of apoptotic cells increased at a 
higher concentration of AgNWs/rGO composite. 
Consequently, AgNWs/rGO composite was non-
toxic towards the hEnSCs at lower concentrations. 
Based on our MTT assay, flow cytometry analysis, 
and previous publications [8, 44-46], the slight 
cytotoxic effects of AgNWs/rGO composite could 
be attributable to the presence of AgNWs on 
the surface of rGO which prevented aggregation 
of rGO sheets. These results revealed that 
the functionalized-rGO nanocomposite (here, 
AgNWs/rGO composite) can efficiently be utilized 
in nanotechnology-based bio-applications that 
required high concentrations of graphene, without 
encountering considerable toxicity.

CONCLUSION 
Currently, graphene-based nanomaterials 

have numerous applications in the fields of tissue 
engineering, drug delivery, and regenerative 
medicine. In this study, at first, AgNWs/rGO 
composite was successfully synthesized and 
fabricated. Then, various spectroscopic techniques 
were employed to investigate the binding 
properties between AgNWs/rGO composite 
and HSA. The results displayed that AgNWs/
rGO composite could form a complex with HSA. 
However, AgNWs/rGO composite did not induce 
alternation in the secondary structure of HSA. 
Furthermore, HSA maintained most of its activity in 
the presence of AgNWs/rGO composite. The MTT 

assay, DAPI staining, and flow cytometry analysis 
illustrated that AgNWs/rGO composite has no toxic 
effects in hEnSCs at lower concentrations. Thus, 
the results obtained from this study indicate that 
the prepared AgNWs/rGO composite, potentially, 
is suitable in nanomedicine applications such as 
tissue engineering and drug delivery.
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