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Abstract

In this study design, the PEGylated silver decorated graphene nanocomposites (NGO-AgNPs-PEG) were successfully 
prepared by eco-friendly non-toxic green synthesis following a novel syn-graphenization method using the aqueous 
leaf extract of Azadirachta indica (A. indica) (neem) as reducing agent. The prepared Smart pH stimuli responded nano-
platform was thoroughly characterized by various analytical techniques. Since a functional nanocarrier is very essential 
for cancer therapy, it could quickly guide the loaded anticancer drug to the tumor site to decrease the side effect. In 
order to overcome the side effects of doxorubicin (DOX), an anticancer drug, it was incorporated into amino PEGylated 
NGO-AgNPs nanocomposites. Considering drug loading and release studies, it may be concluded that improved drug 
loading efficiency (218%) and more pH-responsive controlled release (following Korsmeyer–Peppas model release kinet-
ics) of DOX from NGO-AgNPs-PEG lead to a promising nanocarrier for the anticancer drug. The cytotoxicity study results, 
on HaCaT cell lines, indicated DOX-loaded PEGylated functionalized nanographene oxides, as compared to free DOX, 
had lesser harmful effect on normal cells than cancer cells. Increased cytotoxicity was exhibited in the cancerous cells 
(HeLa cell lines) treated with DOX loaded PEGylated silver functionalized nanographene oxide compared to covalently 
conjugated NGO-DOX. So, the effective delivery and release of the anticancer drug into acidic microenvironment of the 
targeted tumour cells would bring out higher therapeutic efficacy than pure NGO. Such a gold standard biocompatible 
PEGylated silver decorated NGO theranostic nanoplatform may be an excellent nano cargo for targeted and controlled 
drug delivery in cancer therapy.
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1 Introduction

Considering the importance of chemotherapy in the treat-
ment of different types of cancers, targeted drug deliv-
ery systems have been developed to specifically deliver 
chemotherapeutic agents at the cancer sites, bypassing 
side effects on normal cells [1]. As we know, the leaky 

hypervascularized cancerous tissues have enhanced per-
meability and retention (EPR) effect for nanoscopic par-
ticles. The EPR effect is the basic mechanism behind pas-
sive targeting of controlled drug delivery in treatment of 
cancer [2].

Knowing the above mentioned information, nanoparti-
cles might be considered as an important weapon to treat 
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cancer effectively. Environmentally safe method for silver 
nanoparticle synthesis is a vital area of research in nano-
medicine due to eco-friendliness [3–5]. Green synthesis is 
a non-toxic method due to very less or non- consumption 
of hazardous materials on the surface of nanomaterials. 
Biosynthesized nanoparticles by green synthesis are nor-
mally biocompatible and have more biomedical applica-
tions [6, 7]. Furthermore, the phytochemical constituents 
of Azadirachta indica (A. indica) (neem) can block cancer 
growth, and they have strong reducing properties [8–10].

The reinforcement of graphene and its derivatives has 
produced unique outcomes in controlled and targeted 
drug delivery. High strength light weight structural gra-
phene nanocomposites can be synthesized for biomedical 
application. Recently, metal nanoparticles are enormously 
used as theranostic agent for treatment of cancer [7]. Dif-
ferent functional groups and lattice defects of graphene 
favor the nucleation, size control and entrapment of metal 
nanoparticles [11, 12]. Among different types of method 
for synthesis of metal decorated graphene nanocompos-
ites, syn-graphenization has major advantage of direct 
contact between graphene sheets and metal nanoparti-
cles followed by homogeneous distribution and stabiliza-
tion of nanoparticles on 2D graphene sheet [13, 14].

Due to removal of functional groups from graphene 
sheets during reduction process, the reduced graphene 
oxide (RGO) has greater tendency of agglomeration unless 
stabilized with the help of polymers by surface functionali-
zation [15, 16]. Main mechanisms for interaction between 
the surfaces of graphene oxide and target molecules are 
mainly non-covalent functionalization and covalent func-
tionalization [17].

Amino PEGylation of graphene oxide involves activation 
of carboxylic acid groups on graphene oxide by 1-ethyl-
3-(3-dimethylaminopropyl)- carbodiimide (EDC) [18, 19]. 
Furthermore, PEGylated graphene oxide has grater dis-
persability in organic solvents than pure GO [1].

PEG is an excellent polymer for biomedical applications. 
The conformational cloud by PEG over the charged carrier 
reduces opsonisation and uptake by the reticuloendothe-
lial system (RES) [20]. The development of an effective ster-
ically hindering cloud on the surface of nanocomposites 
is mainly dependent on the molecular weight of PEG and 
mechanism of attachment of PEG to the surface of nano 
materials [7, 21].

As we know that PEG with a molecular weight below 
400 Da undergoes degradation by alcohol and aldehyde 
dehydrogenases which are toxic to body, but the molec-
ular weight below 20 kDa is suitable for urinary excre-
tion, on the other hand, greater molecular weight of PEG 
(greater than 40–60 kDa) is unsuitable for urinary excre-
tion, and hepatic clearance is the principal mechanism of 
its excretion [12, 22]. To bypass these uncertainties, multi 

arm PEGs, like amino PEG, have been used that form low 
molecular mass PEGs which can be cleared more read-
ily after metabolism in the body [12, 19]. It is already 
reported that during biosynthesis and PEGylation, the 
graphene oxide is partially reduced. The  sp2 grid on GO 
involves covalent functionalization with PEG and loading 
of aromatic compounds like Doxorubicin (DOX) imparts 
π–π interactions between aromatic rings and reduced gra-
phene oxide nanosheets, providing stability for both the 
components [1, 7].

As an anthracycline antibiotic, DOX has been exten-
sively used for treatment of cancer [7]. However, DOX 
has intense side effects such as hair loss, vomiting, tissue 
inflammation and cardiac muscle injury due to accumula-
tion in different organs during systemic circulation. The 
idea of nanocarrier targeted controlled drug delivery 
could quickly guide the loaded drug to the tumor site to 
decrease the side effect to normal cells [23]. Hence, for 
targeted controlled delivery of DOX, a functionalized 
nanocarrier with magnificent drug loading capacity is 
very essential for treatment of cancer. DOX with carbonyl 
groups and amino group could interact with NGO surface 
via π–π interactions [24]. This π–π interaction is attributed 
to a non-covalent type of functionalization that imparts 
targeted controlled release of drug [25]. Furthermore, 
the designed and developed DOX loaded PEGylated 
NGO-AgNPs drug delivery systems may show remarkable 
retardation of cancer cell proliferation than pure NGO and 
AgNPs loaded with the drug.

An added benefit of graphene for anticancer drug 
delivery is its pH-guided drug delivery behavior, where 
increased drug release at acidic pH (pH 5.0–5.6) provides 
efficient intracellular drug release in acidic microenviron-
ment of cancer cells [26, 27]. Smart pH stimuli responded 
PEGlyted graphene nanocomposites are anticipated for 
avoiding RES uptake and prolongation of nanocarrier 
systemic circulation [28]. PEGylated silver decorated gra-
phene nanocomposites may be an efficient drug cargo by 
protecting the loaded drugs from enzymatic degradation, 
increasing drug loading, improving drug bioavailability, 
and assisting controlled targeted drug release. “Smart” 
PEGylated NGO-AgNPs can be used to bring about tar-
geted controlled drug release by interaction with func-
tional groups at the pore entrance. As a result, the drug 
loaded in pore cannot be released freely unless there 
would be change in pH [2, 12, 28].

In this article, the PEGylated silver decorated graphene 
nanocomposites were successfully prepared by green syn-
thesis following syn-graphenization method. The green 
chemistry approach for the design of PEGylated silver dec-
orated graphene nanocomposites utilizing ‘Azadirachta 

indica (A. indica) (neem)’ leaf extract where the neem 
extract acted as both reducing agent and stabilizing agent. 
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Aforementioned approach was adopted because there is 
no previous report on green synthesis of theranostic plat-
form utilizing amino PEG tethered NGO-AgNPs nanocom-
posites for in vivo drug delivery application to treat cancer. 
Considering the benefits (mentioned earlier), nanocom-
posites were prepared by incorporating amino PEG (molar 
mass 5000 Da). Moreover, PEGylated NGO-AgNPs nano-
composites were also produced using doxorubicin (DOX) 
as a model antitumor drug. Finally, characterisation, drug 
release, and cytotoxicity studies of the prepared drug 
loaded smart nanocomposites were carried out.

2  Materials and methods

2.1  Materials and reagents

Experiments were carried out using Ultrapure Millipore 
water. Graphite powder (99.5%) was purchased from 
HiMedia Laboratories, Mumbai, India; Sulfuric acid from 
Finar Reagents, Ahmedabad, India; Hydrochloric acid 
from Merck Specialities Pvt. Ltd., Mumbai; potassium per-
manganate from Finar Reagents, Ahmedabad, India; and 
Hydrogen peroxide from SDFCL Limited, Mumbai. Silver 
nitrate  (AgNO3; 99.0%), Amine functionalized methoxy-
polyethylene glycol (mPEG-NH2; Mw 5000), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; 
99.0%) 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide (MTT), N-hydroxy succinimide (NHS; 99%) 
and N-acetylcysteine (NAC; ≥ 98%) were obtained from 
Sigma-Aldrich (USA). Doxorubicin hydrochloride (DOX; 
98.0–102.0%) was procured from Cayman chemical com-
pany (USA). All chemicals were used as received.

2.2  Nanoformulation preparation method

2.2.1  Ecofriendly synthesis of NGO

Commonly graphite is oxidized by treatment with  KClO3, 
 KMnO4 and fuming  NaNO3 in presence of concentrated 
 H2SO4. Oxidation of graphite to graphine oxide by using 
the above mentioned agents involves the generation of 
the toxic and explosive gas(es) like  NO2,  N2O4, and/or  ClO2. 
For the preparation of GO, like Lei et al. [29] modified Hum-
mers method was further modified in the present investi-
gation to get rid of toxic gases and some impurities. This 
was done by using  KMnO4 in presence of concentrated 
 H2SO4 along with drop wise addition of dilute aqueous 
solution of  H2O2. Furthermore, the above ecofriendly syn-
thesized aqueous suspension of GO was stirred up to 12 h 
and ultrasonicated for 30 min to get exfoliated GO. Subse-
quently, the prepared NGO was filtered and freeze dried to 
carry out different characterisation studies.

2.2.2  Preparation of aqueous leaf extract of A. indica

Finely chopped 40 g of washed, dried leaves of ‘Azadirachta 

indica (A. indica) (neem)’ were mixed with 200 ml of Milli-
pore water in a 300 ml Erlenmeyer flask and steam distilled 
at 100 °C for 15 min with continuous stirring in order to 
obtain light green colour aqueous suspension. Then the 
cooled filtered extract was centrifuged at 7000 rpm for 
15 min to separate the solid content. The extract of neem 
leaves was stored in an air tight container at 4 °C for its 
(further) use in synthesis of nanoparticles.

2.2.3  Green synthesis of silver decorated NGO 

nanocomposites

Reducing silver nitrate  (AgNO3) with aqueous extract of 
neem leaves in aqueous NGO solution, silver decorated 
NGO nanocomposites were synthesized. Forty milliliter of 
 10−3 (M) of  AgNO3 solution were mixed with colloidal dis-
persion of NGO (1 mg/ml), which was prepared by using 
deionized water following ultra-sonication for 1 h. This 
mixture was transferred to a volumetric flask after sonica-
tion for another 30 min. Aqueous leaf extract of neem (like 
6, 8 and 10% v/v) was added separately to each of NGO 
and  AgNO3 mixture drop wise under vigorous stirring at 
room temperature for 1 h. This procedure was repeated 
thrice for optimization of reducing agent by changing the 
volume of aqueous leaf extract of neem by 6, 8 and 10% 
v/v to ensure optimum synthesis of AgNPs on NGO nan-
oplatform. The color of the mixtures gradually changed 
to dark-brown, resulting in synthesis of nanocomposite. 
The AgNPs were formed by the ecofriendly reduction of 
 Ag+ ions utilizing the herbal reducing agent. The pres-
ence of AgNPs was primarily validated by appearance of 
plasmon absorption band in UV–Vis spectra. After proper 
ultra-centrifugation and washing by deionized water, the 
NGO-AgNPs composites were dried by lyophilization.

2.2.4  Preparation of functionalised PEGylated 

silver decorated graphene nanocomposites 

(NGO‑AgNPs‑PEG)

In order to bypass the toxicity profiles of the graphene-
based nanomaterials, different biocompatible polymers 
like chitosan [29], dextran [30], and polyethylene gly-
col [18] were used as functionalizing agents to enhance 
biocompatibility of functionalized graphene. The hydro-
philicity, colloidal stability and biocompatibility of the 
NGO-AgNPs nanocomposites may be improved by amino 
PEGylation. For amino PEGylation, 10 ml of mPEG-NH2 
(50 mg/ml) was mixed with 18 ml of metallic NGO nano-
composite (0.5 mg/ml), and the mixture was ultrasoni-
cated for 1 h. The oxygen containing functional groups 
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were activated by incorporating 6 ml of EDC (20 mg/ml) 
and 6 ml of NHS (16 mg/ml) to the NGO amino PEG disper-
sion with vigorous stirring for 12 h, and then functional-
ized NGO-AgNPs-PEG nanocomposite was washed and 
purified by using Millipore water. Hydrophilic biocompat-
ible PEGylated graphene nanocomposite thus obtained 
was used for loading of DOX.

2.2.5  Preparation of drug encapsulated PEGylated 

graphene silver nanocomposites

DOX loading was carried out by the addition of differ-
ent amounts of drug with the pure graphene oxide and 
PEGylated graphene silver nanocomposite. The nanocom-
posites were added to each of the aqueous solutions of 
drug (containing 50 μg/ml) to produce formulations like 
 F0 (10 µg/ml of GO),  F1 (1 µg/ml of NGO-AgNPs-PEG),  F2 
(10 µg/ml of NGO-AgNPs-PEG), and  F3 (100 µg/ml of NGO-
AgNPs-PEG) and were kept in shaking incubator at 28 °C 
for 24 h for optimum drug loading. After 24 h, dialysis was 
carried out for removal of unloaded DOX, and its progress 
(by dialysis) was monitored by UV–Vis spectroscopic analy-
sis. Then the purified drug loaded nanocomposites were 
lyophilized to obtain DOX-loaded NGO-AgNPs-PEG nano-
composites for further qualitative analysis.

2.3  Characterization techniques

UV/Vis spectra of pure NGO, pure DOX, NGO-AgNPs, and 
NGO-AgNPs-PEG-DOX dispersions were recorded with a 
Shimadzu 160 spectrophotometer within 200–800 nm 
wavelengths [31]. Initially, the λmax of DOX was deter-
mined. The absorbance of pure DOX solutions containing 
2, 4, 6, 8, 10, 20 and 50 µg/ml at its λmax was determined. 
For the determination of concentration of DOX in an 
unknown sample, the standard curve or calibration curve 
was plotted by taking its respective values of concentra-
tion vs absorbance.

Fourier transform infrared spectroscopy-attenuated 
total reflectance (FTIR-ATR) analysis was carried out by 
using a Perkin Elmer Spectrum RX. In order to determine 
purity and chemical compatibility, pure NGO, mPEG-NH2, 
AgNPs, NGO-AgNPs-PEG, DOX, and NGO-AgNPs-PEG-DOX 
were mixed separately with spectroscopic grade potas-
sium bromide (KBr) powder and then after compression 
sample loaded KBr pellets were scanned in the range of 
400–4000 cm−1 [31].

By keeping the gold coated samples on aluminum stub 
using Nova Nano FESEM 450 with an accelerating voltage 
of 20 kV, Field emission scanning electron microscopic 
(FESEM) analysis was done to study surface morphology 
of NGO, AgNPs and NGO-AgNPs, AgNPs present in the 
nanocomposites. Elemental analysis of NGO-AgNPs was 

done using energy dispersive spectroscopy by Nova Nano 
FESEM/EDS 450, applying 15 kV accelerating voltages [31].

Microstructural investigation of the selected area of 
NGO, AgNPs and NGO-AgNPs was carried out on a copper 
grid using high-resolution transmission electron micros-
copy (HRTEM, JOEL-JEM 2100) with an accelerating volt-
age of 200 kV at around 28 °C. The selected area electron 
diffraction (SAED) measurement of pure NGO, pure AgNPs 
and AgNPs in NGO-AgNPs nanocomposite was performed 
[32].

To determine change in crystallinity after incorporation 
of AgNPs into NGO, XRD studies of pure NGO and NGO-
AgNPs nanocomposite were performed at 2θ values from 
5° to 80° using the Bruker D8 ADVANCED diffractometer 
equipped with the CuKα line at 1.5418 Å as radiation 
source [31].

The zeta potential values of NGO, NGO-AgNPs-PEG, 
pure DOX and NGO-AgNPs-PEG-DOX were determined by 
a Malvern Zetasizer (Malvern Instruments, UK) to ascer-
tain stability of nanocomposites in biological fluid. The 
zeta potential distribution values were obtained from the 
graph between zeta potential and total counts [7].

From the above-mentioned characterization tech-
niques, it is clear that identical samples were not used for 
different tests. Considering the requirements, only appro-
priate samples were included.

2.4  In vitro studies

2.4.1  Drug entrapment efficiency (%EE) and drug loading 

content (%DLC)

DOX content in NGO-DOX and NGO-AgNPs-PEG-DOX 
nanocomposite was determined by dissolving the DOX-
loaded nanocomposites in dimethylformamide (DMF). The 
concentration of DOX in the DMF was measured from the 
UV–Vis spectra at 480 nm. The amount of DOX, which was 
incorporated into the PEGylated graphene nanocompos-
ites, was calculated by deducting the amount of superna-
tant with free DOX from the total amount of DOX that had 
been initially added. Drug entrapment efficiency and drug 
loading content of NGO-DOX and NGO-AgNPs-PEG-DOX 
nanocomposites were calculated according to the formula 
followed by Li et al. [33].

2.4.2  Drug release response

The release behavior of DOX from DOX-loaded graphene 
oxide and functionalized PEGylated graphene nano-
composites was also evaluated by dialysis. One milliliter 
each of DOX-loaded NGO (50 mg/ml) and functionalised 
PEGylated graphene silver nanocomposites solutions 
(50 mg/ml) were sealed separately in molecular weight 
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cut-off (MWCO: 3500 Da) membrane and were dialyzed 
against 20 ml of phosphate buffered saline at pH of either 
7.4 or 5.4 at 37 °C on horizontal shaker. At different time 
points, aliquot of the released solution (PBS) with DOX was 
taken out and periodically replaced with fresh PBS (volume 
equivalent to the volume of fraction withdrawn) to main-
tain a constant volume. Amount of released DOX from 
DOX-loaded GO and functionalised PEGylated graphene 
silver nanocomposites was obtained at 0.5, 1, 2, 3, 4, 5, 6, 
7, 8, 12, 24, 36, 48, 72, 120 h by measuring concentrations 
of released DOX in solution outside of MWCO membrane 
by UV–Vis spectroscopic analysis at a λmax of 480 nm [34]. 
To improve the quality of analytical data and accuracy, the 
aliquots were collected at three different points of dialysis 
solution and average of percentages of drug release was 
considered.

2.4.3  Release kinetics

In order to understand the kinetic and mechanism of DOX 
release, results of the in vitro drug release study of the 
nanoformulations were fitted with different kinetic models 
like zero order release kinetics, first order release kinetics, 
Higuchi’s model, and Korsmeyer–Peppas model [35]. The 
release exponent of Korsmeyer–Peppas model (n value) 
could be used to characterize pattern of DOX release from 
different nanocomposites. In order to compare the release 
data of the formulations, dissimilarity (f1) and similarity (f2) 
factors were considered.

2.5  Cytotoxicity study

The cytotoxicity of different samples was ascertained 
against a cancer cell line, HeLa cell line (cervical cancer of 
a young African-American woman, Henrietta Lacks), and 
another normal cell lines, HaCaT (human keratinocyte cell 
line), using MTT assay [36]. The cells cultured in DMEM 
(Dulbecco’s Minimum Essential Medium) were seeded at 
a density of 2 × 104 cells/ml in a 96 well plate containing 
100 µl of the respective culture medium in each well and 
allowed for 24 h proliferation. NGO, neem leaf extract, 
AgNPs, NGO-AgNPs, NGO-AgNPs-PEG, pure DOX, NGO-
DOX, and NGO-AgNPs-PEG-DOX at various concentrations 
were separately added to the cells and incubated for 48 h. 
MTT (10 µl of 5 mg/ml stock) was added 6 h before the 
end point and their cell viability was evaluated by MTT 
assay after 48 h. Aliquot of medium was withdrawn, and 
dimethyl sulfoxide (100 µl) was added for dissolving the 
formazan byproduct. Percentage cell viability was calcu-
lated by measuring absorbances (at 570 nm) of test sample 
and control by using a microplate reader.

The detail map of the surface features of the cell lines 
after treatment and nanocomposites embedded in the 

cells were captured by phase contrast microscopy in tap-
ping mode.

3  Results and discussion

3.1  Characterization of graphene nanocomposites 
and drug

One main UV absorbance peak at 231  nm has been 
assigned to sp2 hybrid regions of C–C and C=C bonds, 
and sp3 hybrid regions of the C=O bond denoted by a 
shoulder peak at about 303 nm (Fig. 1a). The overall fea-
tures of UV spectrum and absorption peaks of synthesized 
GO are identical to that of the GO samples as reported in 
literature [37].

The values of λmax of DOX were found to be 234, 252, 
288 and 480 nm which matches with the product informa-
tion of Doxorubucin (Hydrochloride) supplied by Cayman 
chemicals (Fig. 1a). This result indicates the drug was pure, 
stable and free from impurities. The regression equation of 
standard curve was obtained as follows: y = 0.015x + 0.008, 
where y is the absorbance value and x is the concentra-
tion of DOX (Fig. 1b) (Table. S1). The R square value of the 
regression equation obtained from standard plot of DOX 
was found to be 0.999, indicating good linearity of UV–Vis 
measurement within DOX concentration in the range of 
2–50 μg/ml. Moreover, the standard deviations of the sam-
ples were all less than 0.1%, suggesting good precision of 
this method.

In the present study, like several investigations, the 
appearance of a characteristic sharp surface plasmon 
resonance band at λ = 430 nm (between 400 and 500 nm) 
implies the formation of AgNPs [38]. The reduction in pro-
gress of NGO was observed by UV–Vis spectroscopy. As 
shown in Fig. 1c, the intensity of two UV–Vis absorption 
peaks centred at 231 nm is due to presence of NGO. After 
reduction by neem extract, the peak at 231 nm gradu-
ally red-shifted to 269 nm, which may be attributed to 
electronic conjugation reaction [39]. The presence of Ag 
nanoparticles in the nanocomposite was confirmed by the 
UV–Vis spectra by appearance of surface plasmon reso-
nance band at λ = 436 nm in the absorption spectrum of 
NGO-AgNPs nanocomposite (Fig. 1c) [40].

The sharp localized surface plasmon resonance (LSPR) 
peak between 400 and 500 nm did not shift to longer 
wavelengths with increasing the silver concentration 
both in AgNPs and NGO-AgNPs [32]. It indicates that 
addition of neem extract as a reducing agent prevents 
agglomeration of the nanocomposites. However, a 9 nm 
red shift accompanied with a narrowing of the plasmon 
resonance of AgNPs in NGO-AgNPs was observed after 
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reduction, which is most probably due to adsorption of 
AgNPs on NGO sheet which leads to change in size of 
AgNPs [41].

Absorbance of graphene silver nanocomposites 
synthesized at 1  h with various concentrations of 
neem extract was monitored by UV–Vis spectroscopy. 
The formation of stable AgNPs was confirmed by the 
appearance of LSPR band of AgNPs for these sample at 
around λmax ~ 400–500 nm in UV–Vis spectral pattern of 
NGO-AgNPs.

Moreover, the intensity of absorbance of AgNPs after 
1 h is directly proportional to the concentration of neem 
extract (2–10% v/v). The maximum absorbance of AgNPs 
at 1 h was obtained by the reaction of 10% v/v of neem 
extract. The UV–visible spectroscopy was used to study 
the concentration dependent synthesis of AgNPs using 
2–10% v/v of neem extract. The optimal reaction time has 
been found to be 1 h for reduction of  AgNO3, as there is 
no further change in absorbance of the nanocomposites 
observed in UV–Vis spectrum (Fig. 1c).

After DOX loading to NGO-AgNPs-PEG at different 
concentrations, it was found that very minute shift in 
λmax value and plasmon bandwidth (Δλ) (10 nm), indi-
cating higher in vitro stability of NGO-AgNPs-PEG nano-
composite (Fig. 1d). By comparing the UV–Vis spectra of 
pure DOX with DOX loaded nanocomposite, the values 
of λmax of DOX (234, 252, 288 and 480 nm) were found 
to be little bit changed in the nanocomposites. The peak 
at 234 nm remained unchanged indicating the presence 
of DOX. While the peak at 252 nm shifted to 269 nm, the 
peak at 288 nm was not prominent. Finally, the band at 
480 nm merged with the LSPR band of AgNPs. This result 
indicates that there was a covalent interaction between 
NGO-AgNPs-PEG with DOX.

The FTIR spectra of GO sheet showed prominent 
adsorption bands for the carboxyl C=O (1726 cm−1), aro-
matic C=C (1625 cm−1), epoxy C-O (1227 cm−1), alkoxy C-O 
(1094 cm−1), and hydroxy –OH (3407 cm−1) groups [42]. 
The peak at 833 cm−1 represents the bending vibration of 
C-H group. The oxidation of graphite powder to GO has 

Fig. 1  a UV–Vis spectra of pure NGO and pure doxorubicin (DOX) in 
doubled distilled water. b Calibration curve of pure DOX solution. 
c UV–Vis spectra of synthesized NGO-AgNPs at different concentra-

tions of aqueous neem leaf extract. d UV–Vis spectra of DOX loaded 
NGO-AgNPs-PEG at different concentrations of DOX
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been confirmed by the presence of oxygen-containing 
functional groups [43]. The absorptive property of GO, 
was shown by a broad peak at 3407 cm−1, is contributed 
by O–H stretch of  H2O molecules absorbed on its surface 
(Fig. 2) [44]. The results of UV–Vis and FTIR analyses dem-
onstrate the successful synthesis of GO.

Figure 2 shows FTIR spectra of AgNPs which ascertain 
the purity and nature of the silver nanoparticles. A broad 
band observed at 3434 cm−1 was assigned to stretching 
vibrational mode of hydroxyl groups of absorbed water 
on AgNPs.

Moreover, sharp and strong absorption band at 
1636 cm−1 was attributed to the stretching vibration of 
carbonyl (C=O) group of amide. The band at 1384 cm−1 
was due to C–C and C–N stretching. The present study 
sample shows the characteristic band at 668 cm−1 (below 
1000 cm−1), which is ascribed to lattice vibration of silver 
oxide indicating the successful synthesis of silver nano-
particle [45, 46].

FTIR spectra of NGO-AgNPs nanocomposites were 
measured to confirm the successful formation of nano-
composites (Fig. 2). The most remarkable absorption band 
corresponds to the -OH stretching vibration, centred at 
3550 cm−1, is for the NGO-AgNPs nanocomposites; which 
is due to abundant amounts of hydroxyl groups on NGO. 
The shift of -OH stretching vibration to longer wave num-
bers in the nanocomposite is attributed to interactions 
between AgNPs and NGO [46]. The peaks at 1726 cm−1 for 
NGO and 1710 cm−1 in case of NGO-AgNPs nanocompos-
ites can be assigned to the stretching vibration of carbox-
ylic (C=O) groups [46, 47]. The residual sp2 structure of 
NGO was confirmed with the C=C bending vibration at 
1586 cm−1. By comparing the spectra of pure Ag, the band 
patterns at 1384 cm−1 and 648 cm−1 (below 1000 cm−1) 

indicate the presence of AgNPs in the nanocomposites. 
The peak at 809 cm−1 in NGO shifted to 833 cm−1 in NGO-
AgNPs, which represents the bending vibration of C–H 
group [47].

However, the decrease in the intensity of the absorp-
tion bands of the oxygenated functional groups could be 
attributed to both the slight reduction of GO in the pro-
duction process of NGO-AgNPs nanocomposite and the 
existence of the AgNPs on the surface of NGO nanosheets. 
The change and appearance of new peaks in the case of 
NGO-AgNPs nanocomposites revealed the interaction 
between silver ions of AgNPs and the un-reduced hydroxyl 
and carboxyl groups on the surface of the NGO with suc-
cessful decoration of AgNPs on NGO [41, 48].

In FTIR spectra of mPEG-NH2, the NH stretching mode 
was found between 3500 and 3450 cm−1 and the band 
observed at 1557 cm−1 corresponds to NH bending vibra-
tion of amino group. In addition, the peak at 2888 cm−1 
was assigned to C–H stretching of methoxy  (CH3–O) 
groups.

The covalent bonding of mPEG-NH2 and NGO-AgNPs 
was evaluated by FTIR spectroscopy. The carboxyl C=O 
band at 1726 cm−1 was significantly diminished after inter-
action of NGO with mPEG-NH2. Simultaneously, new peaks 
for amide-I vibration modes of mPEG-NH2 at 1638 and 
1500 cm−1 were found on the FTIR spectra of NGO-AgNPs-
PEG. These results indicate covalent binding and forma-
tion of ester linkage between mPEG-NH2 and NGO-AgNPs. 
As an environmental friendly reducing agent, aqueous 
leaf extract of neem has been utilized for the chemical 
reduction. The excess aqueous leaf extract of neem was 
removed by repeated washing from NGO-AgNPs conju-
gate. However, incorporation of certain nitrogenous moie-
ties into graphene nanosheets could not be blocked [49].

For FTIR spectra of pure DOX, the peaks for NH stretch-
ing and bending vibrations of amino group were observed 
at 3436 cm−1 and 1480 cm−1, respectively. The band at 
1628 cm−1 suggests the quinone group of DOX. In addi-
tion, the peak at 2885 cm−1 attributed to C–H stretching 
may be due to the methoxy group  (CH3–O) [36].

After DOX was incorporated onto NGO-AgNPs-PEG, the 
FTIR bands of NGO-AgNPs-PEG-DOX (Fig. 2) revealed char-
acteristic modes of DOX molecules. The peak at 1638 cm−1 
corresponds to the quinone group of DOX in drug loaded 
composite. In addition, the band assigned to C–H stretch-
ing was shifted from 2885 to 2879 cm−1 due to the meth-
oxy group  (CH3–O) in that sample. In addition, increased 
intensity of the C–O vibration at 1640 cm−1 and emer-
gence of the new bands at 1458 and 1351 cm−1 assigned 
to the N–H deformation mode of the amide bonds (amide 
II) indicates the covalent coupling and loading of DOX 
to nanocomposites. The band patterns at 1384  cm−1 
and 667 cm−1 (below 1000 cm−1) suggest the presence 

Fig. 2  Comparative FTIR-ATR spectra of pure NGO; mPEG-NH2; 
AgNPs; NGO-AgNPs-PEG; DOX; and NGO-AgNPs-PEG-DOX



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:269 | https://doi.org/10.1007/s42452-019-0287-9

of AgNPs in the nanocomposites. Another peak can be 
assigned at 1096 cm−1 corresponds to C–N vibration of 
the amine groups on mPEG-NH2 [36]. These characteris-
tics indicate the surface embarking of NGO-AgNPs and 
DOX was successfully and abundantly incorporated onto 
NGO-AgNPs-PEG.

The morphologies of the produced NGO, AgNPs and 
NGO-AgNPs nanocomposites were characterized by 
FESEM (Fig. 3). The GO shows highly wrinkled morphol-
ogy because of the oxygenated functional groups on the 
surface (Fig. 3a). This indicates the formation of well exfoli-
ated NGO. Furthermore, pure cerium nanoparticles show 
more agglomeration (Fig. 3b). The partial reduction of GO 
to RGO in RGO-AgNPs led to a smoother surface, possi-
bly due to the removal of oxygen containing groups. It is 
of importance to note that the AgNPs (indicated by large 
no of white spots) are immobilized on the surface of RGO 
(Fig. 3c, d). Actually, these white dots are deposited and 
well-dispersed onto the surfaces of the RGO sheets. This 
distinct structure directly demonstrates the perfect assem-
bly between AgNPs and the RGO sheets. Moreover, it has 
been proved that the aggregation of AgNPs inhibited by 
the strong adhesion and interaction between graphene 
sheets and AgNPs during synthesis of RGO-AgNPs [31, 50].

Smart phase mapping image of NGO-AgNPs by FESEM 
Energy Dispersive X-Ray (EDX) spectroscopy show the 
presence of only Carbon, oxygen and silver which 
proves the purity of the nanocomposites and oxidation 
of graphite layers (Fig. 3e). In addition, the elemental 

analysis of the prepared NGO-AgNPs by using EDX spec-
trum indicates the presence of carbon (48.70%), oxygen 
(32.58%), silver (18.72%) and gold (gold peak was attrib-
uted gold coating on sample during analysis) (Fig. 3f ). 
This information suggests that graphene was present in 
purified and partially oxidised form. Silver atoms (free 
from impurities) are adsorbed on the surface of the 
NGO sheet. The existence of O signals along with the 
Ag indicates the AgNPs are crowned by phytochemicals 
through oxygen atom. Few layers of graphene oxide are 
found from HRTEM micrographs of NGO. In addition, at 
several places on graphene oxide nanosheets wrinkles 
were prominent (Fig. 4a). These wrinkles were probably 
due to oxidation of carbon atoms during synthesis. The 
selected area of electron diffraction (SAED) patterns 
exhibit only one set of hexagonal diffraction pattern 
which suggests hexagonal lattice plane of NGO with 
high crystallinity (Fig. 4a) [51, 52].

Surface morphology and particle size of the AgNPs 
were ascertained using HRTEM. Most of the AgNPs were 
roughly circular in shape with smooth edges. The rings of 
SAED pattern reveal the single face-centered cubic (fcc) 
crystalline property of the spherical AgNPs with a prefer-
ential growth direction along the (110), (200), (220) and 
(311) XRD planes of silver (Fig. 4b). In accordance with 
the UV–Vis spectroscopic analysis, the TEM images dem-
onstrate roughly spherical AgNPs are irregularly poly-
dispersed on NGO (Fig. 4c). The strong signal of the sil-
ver atoms suggests the crystalline property of AgNPs. In 

Fig. 3  FESEM images of a pure NGO showing exfoliation; b pure 
AgNPs with reduced agglomeration; c, d NGO-AgNPs showing 
dispersion of AgNPs on NGO sheet; e elemental mapping of NGO-

AgNPs showing elemental purity; and f energy dispersive X-ray 
(EDX) spectrum showed higher percentage of carbon signals along 
with oxygen and silver
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addition, finger printing and fringe patterns of AgNPs have 
been shown in Fig. 5.

The HRTEM images of NGO-AgNPs nanocomposites 
reveal that AgNPs are embedded on the surface of NGO 
(Fig. 4c). In addition, typical SAED pattern of NGO-AgNPs 
sample was used to study the crystalline nature of the 
AgNPs in the composite. The four visible diffraction rings 
are indexed as the crystal planes (111), (200), (220) and 
(311) of face-centered cubic (fcc) metallic Ag demon-
strate multiple crystal diffraction features (Fig. 4c), which 
clearly confirms the presence of Ag nanoparticles in the 
nanocomposites. The findings corroborate the results of 
XRD analysis of pure AgNPs (Fig. 6) [40, 46]. Also similar to 

FESEM results (Fig. 3f ) the HRTEM EDX mapping image of 
NGO-AgNPs nanocomposite (Fig. 4d) confirms the pres-
ence of only carbon, oxygen and silver elements in it, 
which indicates successful formation of pure NGO-AgNPs 
nanocomposites [53]. Based on TEM analysis, it may be 
predicted that controlled particle size and uniform dis-
persion of AgNPs on graphene surface open a path for 
biomedical applications.

From the particle size analysis by HRTEM, it has been 
found that the pure AgNPs are agglomerated and larger 
in size (Fig. 4b) than the AgNPs on NGO (Fig. 4e). As dem-
onstrated in Fig. 4e, most of the anchored AgNPs on NGO 
are very small (less than 25 nm). On the other hand, AgNPs 

Fig. 4  HRTEM images with 
their respective selected area 
electron diffraction (SAED) 
pattern of a pure NGO; b 
pure AgNPs; c NGO-AgNPs; d 
smart phase elemental map-
ping of NGO-AgNPs showing 
higher percentage of carbon 
signals along with oxygen and 
silver; e particle size of AgNPs 
dispersed on NGO sheet (less 
than 25 nm); f EDX spectrum 
of NGO-AgNPs showing more 
weight percentage of oxygen 
than silver

Fig. 5  Images of finger print-
ing and fringe patterns by 
HRTEM, taken from a typical 
AgNPs in the NGO-AgNPs 
nanocomposites showing clear 
lattice fringes with an inter-
plane distance measured as a 
0.25 nm; b 0.21 nm; c 0.15 nm; 
and d 0.14 nm corresponding 
to the (111), (200), (220) and 
(311) planes of silver crystals, 
which corroborate the result of 
XRD analysis
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synthesized without NGO was found to have an average 
size of 35 nm, and the particle size distribution suggested 
that most of them are above 30 nm. Hence, NGO has a vital 
role in the process of stabilization and formation of smaller 
AgNPs in the NGO-AgNPs nanocomposite [40]. EDX spec-
trum indicated that the presence of carbon, oxygen and 
silver elements were in NGO-AgNPs nanocomposites 
(Fig. 4f ). Results showed that silver, oxygen, and carbon, 
contents (wt%) of NGO-AgNPs were 10.41%, 5.19%, and 
84.41%, respectively. Like Chang et al., the NGO-AgNPs 
synthesized in the present study have also higher weight 
percentage of silver (both in EDX spectra of NGO-AgNPs 
FESEM and HRTEM analyses) this leads a conclusion that 
this syn-graphenization method of green synthesis is 
more reproducible [54]. Furthermore, the percentage of 
elements differs from the results of FESEM EDX analysis 
since AgNPs is polydispersed on NGO.

The XRD analysis is further used to confirm the for-
mation of the NGO-AgNPs nanocomposites. The GO 
nanosheets exhibited a broad peak at 10.5° correspond-
ing to the (100) plane with interlayer spacing of 0.84 nm, 
which indicates that the ordinal structures of graphite 
have been exploited and that oxygen-containing func-
tional groups have been inserted into the interspaces.

However, in the XRD patterns of NGO-AgNPs, the 
disappeared diffraction pattern from GO suggests that 
Ag NPs are intercalated into stacked GO layers [33]. But 
one small broad peak at 10.97° having d-spacing of 
0.80 nm was found, which may be due to the graphene 
nanosheet. This is indicative of the fact that graphene is 
partially reduced to reduced graphene (RGO) still some 
oxygen containing functionalities of GO are there [48]. 
Meanwhile, four prominent peaks located at 38.0°, 44.2°, 

64.0° and 77.0° are ascribed to (111), (200), (220) and 
(311) crystallographic planes of face-centered cubic (fcc) 
crystal of Ag (JCPDS number 07–0783), respectively [55, 
56]. These studies indicate that AgNPs are successfully 
decorated on the surface of NGO. The HRTEM image of 
a silver nanoparticle (Fig. 5) anchored to NGO, displays 
clear lattice fringes with interplane distances of 0.25, 
0.21 and 0.15 and 0.14 nm corresponding to the (111), 
(200), (220) and (311) planes of silver crystals, which cor-
roborate the result of XRD analysis (Fig. 6) (Table S2).

The electron diffraction rings, obtained from HRTEM 
SAED measurements as seen in Fig. 4a, represent (100) 
plane of NGO crystal lattice. The fringe widths measured 
from HRTEM at 5 nm resolution is exactly similar to the 
d- spacing values obtained from XRD pattern of NGO. It 
suggests the presence of graphitic regions within the 
NGO. But multiple electron diffraction rings, obtained 
from HRTEM SAED measurements as seen in Fig.  4b, 
represent (111), (200), (220) and (311) planes of AgNPs 

crystal lattice. HRTEM and XRD analyses demonstrated 
that the NGO, AgNPs, and NGO-AgNPs were synthesized 
using two-step process.

Zeta potential is an important criterion to determine 
the surface charge of nanocomposites that establishes 
the stability and absorption of nanocomposites at target 
site [57]. The conjugation of DOX with green synthesized 
NGO-AgNPs-PEG nanocomposites can further be inter-
preted by zeta potential measurement. The zeta poten-
tial value of NGO-AgNPs-PEG (− 11.7 mV) was negative 
which was slightly increased after DOX loading (NGO-
AgNPs-PEG-DOX: − 8.9 mV) (Fig. 7) (Table S3). Due to 
the presence of NGO and AgNPs, zeta potential of the 
nanoformulation was negative. But free DOX was found 
to have positive zeta potential (+ 3.2 mV). So, the attach-
ment of doxorubicin with NGO-AgNPs-PEG might be due 
to weak electrostatic attraction and dative bonding [7].

Fig. 6  Comparative XRD patterns of pure NGO showing (100) plane 
and NGO-AgNPs showing (100) plane for NGO; and (111), (200), 
(220) and (311) planes for AgNPs crystal lattice

Fig. 7  Average values of zeta potential for NGO, NGO-AgNPs-PEG, 
DOX, and NGO-AgNPs-PEG-DOX
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Because of the deprotonation of the functional moieties 
present on the GO, negative surface charge of the DOX 
loaded nanocomposites was found. It has been reported 
that typically, nanoformulations with negative zeta poten-
tial exhibit high degree of stability in physiological con-
dition and enhanced brain tumor targeting by traversing 
the blood brain barrier [57, 58]. However, the positively 
charged nanocomposites favor protein adsorption to a 
larger extent, in case of free DOX, and it facilitates fast RES 
clearance [59]. Furthermore, negative charges on the sur-
face of nanocomposite prevent the non specific absorp-
tion of nanocomposite on cells. Hence, the negative zeta 
potential value bypasses RES clearance and renders maxi-
mum circulation time to attain optimum enhanced perme-
ability and retention (EPR) effect [60]. The EPR effect might 
be the main cause of more accumulation of nanocompos-
ites in cancer cells leading to better efficacy of the loaded 
anticancer drug.

3.2  In vitro studies

3.2.1  Drug entrapment efficiency (%EE) and drug loading 

content (%DLC)

In order to assess the potential of NGO-AgNPs-PEG as con-
trolled and targeted drug delivery systems, the potential 
of NGO-AgNPs-PEG nanocomposites as drug carrier must 
be determined by their drug encapsulation and drug load-
ing properties [19].

Graphene oxide is expected to have magnificent drug 
loading behavior due to large specific surface area. The 
drug encapsulation efficiency and drug loading capacity 
of the nanocomposites were ascertained by determining 
the concentration of unbound drug using UV–Vis spec-
troscopy. In the present study, the formulations  F0 (10 µg/
ml of NGO),  F1 (1 µg/ml of NGO-AgNPS-PEG),  F2 (10 µg/ml 
of NGO-AgNPS-PEG), and  F3 (100 µg/ml of NGO-AgNPS-
PEG) were subjected to drug encapsulation efficiency 
and drug loading capacity studies. For  F0,  F1,  F2, and  F3, 
the percentage drug encapsulation was 70%, 42%, 73%, 
and 79%, respectively, while their corresponding values 
of percentage drug loading were 198%, 194%, 218%, and 
73% (Table S4). By increasing the proportions of NGO-
AgNPs-PEG nanocomposites (from 1 to 10 µg/ml) in  F1 
and  F2, keeping drug input constant (the amount of drug 
dissolved in the aqueous phase during nanocomposite 
preparation was 50 µg/ml), the values of both percentage 
drug encapsulation and percentage drug loading were 
increased (Table  S4). However, when nanocomposite 
input was raised from 10 to 100 µg/ml (in cases of  F2 and 
 F3), keeping the amount of drug constant (50 µg/ml), the 
%loading was decreased (from 218 to 73%). This anomaly, 
in case of %loading, may be due to increase in total solids 

feed in  F3. In addition to the amount of solids feed in the 
formulation, framework structure and architecture (pore 
geometry) of NGO also affect the drug loading percentage 
[23]. Moreover, the highly mesoporous nature of NGO hav-
ing large pore surface area may provide a good platform 
for better drug loading up to 218%.

In this connection, it may be mentioned that accord-
ing to some researchers, pure GO can load DOX with the 
loading capacity up to 192%, implying GO was appeared 
to have a greater potency for DOX loading [29]. On the 
other hand, at the very moment DOX was loaded, DOX 
loaded GO sheets showed more aggregation. But, the 
GO modified with PEG and lactobionic acid by EDC-NHS 
chemistry exhibited potency for DOX loading up to 85% 
[61]. Simultaneously, PEGylated green synthesised silver 
nanocomposites can load DOX up to 87% [7]. On the other 
hand, in the present study design, the NGO-AgNPs-PEG-
DOX nanocomposites produced by EDC-NHS chemistry 
appeared to show synergistic drug loading up to 218%.

On the other hand, percentage drug encapsulation 
depends on relative proportions of nanocomposite to 
drug in different formulations. So, its values were increased 
gradually from  F1 to  F3. Considering the above mentioned 
reasons,  F2 exhibited much higher loading in the nano-
composites than  F1 and  F3, whereas the value of  %drug 
encapsulation was maximum in case of  F3.

In this connection, it may be mentioned that the drug 
loading and encapsulation in the NGO-AgNPs-PEG nano-
composites are appeared to be governed by the partition-
ing of the drug between the PEGylated nanocomposites 
matrix phase and the external aqueous phase [62], while 
considering the drug efficacy, loading efficiency is more 
vital than encapsulation efficiency. So, out of three formu-
lations  F2 was initially selected.

Prior to surface modification, the surfaces of GO had a 
large number of hydroxyl and carboxyl groups, and the 
interaction between graphene oxide and drug was mainly 
formed between hydroxyl and carboxyl groups. After 
amino modification, the oxygen containing groups on the 
surface of GO reduced while the number of amino groups 
increased. Since PEGylated nanocomposites showed more 
loading capacity than pure NGO (mentioned earlier), it 
seems that the hydrogen bonding forces formed between 
amino groups of NGO-AgNPs-PEG and DOX were stronger 
than those between pure NGO and DOX. That may be the 
reason why the amino modified NGO-AgNPs-PEG facili-
tated more drug loading capacity than pure NGO [63].

The overall results suggest that the positively charged 
DOX molecules (in three formulations) were more easily 
loaded onto the surfaces of GO based nanocarrier with 
lower zeta potentials (mentioned earlier), indicating that 
electrochemical interactions as well as attractive non-
covalent (π–π stacking) interactions also play a vital role 
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in DOX loading. As a result, this nanocomposite can exhibit 
ultra-high DOX loading capacity and efficiency compared 
with many other common nano cargoes [19, 64–66]. There-
fore, this graphene based charge-reversal nano cargo is a 
potential vehicle for more effective loading and delivery 
of DOX.

3.2.2  Drug release response

The in vitro drug release studies of  F0,  F1,  F2, and  F3 were 
carried out both in phosphate buffer (pH 7.4) and in acidic 
buffer (pH 5.4). After 7, 13 and 24 h, in phosphate buffer, 
drug release was found to be 32.5%, 35.10% and 37.70%, 
respectively, from formulation  F0; 26.5%, 27.10% and 
27.70%, respectively, from formulation  F1; 17.3%, 18.20% 
and 18.60% in case of formulation  F2; and 15.40%, 16.30% 
and 16.6% from formulation  F3, whereas corresponding 
release values were 75.3%, 84.6% and 90.1% from formu-
lation  F0; 43.2%, 55.3.4% and 65.4% from formulation  F1; 
63%, 72% and 79% in case of formulation  F2; and 60.4%, 
69.5% and 76.1% from formulation  F3 when acidic buffer 
was used. So, all formulations showed slower drug release 
rate in phosphate buffer (Table S5). In cases of both the 
buffers, an initial burst release was observed for the drug 
during the first 7 h and followed by controlled release up 
to 120 h (Fig. 8). Moreover, maximum drug release rate 
was between 5 and 7 h in phosphate buffer (Fig. 8a), while 
in acidic buffer it was between 9 and 11 h (Fig. 8b), which 
favored controlled and targeted drug release. Along with 
this, larger values of standard deviation and variance of 
data relating to the drug release profile in acidic buffer 
as compared to in phosphate buffer signify more spread-
ability and controlled release of the drug in acidic buffer.

Both NGO-DOX and NGO-AgNPs-PEG-DOX exhibited 
significant controlled release. The acidic pH of the solution 
might trigger DOX release by weakening the hydrogen 
bonds between DOX and GO (–OH and –COOH), reducing 
the non-covalent interactions and hydrogen bonding. Fur-
thermore, NGO-AgNPs-PEG-DOX was able to have higher 
and controlled DOX release than NGO-DOX, as the release 
of DOX from NGO-DOX was not so pH controlled as from 
the charge-reversal PEGylated GO [61]. Hence, as acidic 
environment favors higher and controlled DOX release 
from NGO-AgNPs-PEG-DOX, the micro-environments of 
cancerous tissues, which have low pH as well as the pres-
ence of intracellular lysosomes or endosomes, trigger drug 
release at the targeted cancerous tissues.

DOX is a weak amphipathic base with pKa = 8.3. There is 
an electrostatic interaction between amino group of DOX 
and the carboxylic acid moieties on the NGO-AgNPs-PEG 
surface due to their carboxylate form (pKa range 3–5) at 
physiological pH (7.4) [67]. Thus, the electrostatic inter-
actions between DOX molecules and NGO-AgNPs-PEG 

nanocomposite remain unaltered at physiological pH. This 
indicates that the NGO-AgNPs-PEG nanocomposites may 
contribute to an extended circulation of DOX and thus an 
improvement in therapeutic efficacy with reduction of 

adverse drug reaction of free DOX [68].
On the other hand, at pH 5.4, the electrostatic interac-

tions between NGO-AgNPs-PEG nanocomposite and pro-
tonated DOX were reduced, and weakening of hydrogen 
bonds between them lead to the higher rate and extent 
of targeted drug release [67]. Thus, the percentage of drug 
release rate is negatively correlated with the pH, which is 
useful for targeted drug release.

In summary, the type of bonding and chemical inter-
action between NGO-AgNPs-PEG and DOX and dissolu-
tion of DOX from pores of nanocomposite may be liable 
for controlled release of DOX from NGO-AgNPs-PEG nano 
platform. The knowledge obtained from the findings of 
Huang et al. suggests that the pH-sensitive DOX release 
could open the door for NGO-AgNPs-PEG to release its 
drug in the acidic pH environment of cancer cells in addi-
tion to enhanced cytotoxicity [68]. Considering all the 

Fig. 8  Cumulative percentage DOX release from  F0 (10  µg/ml of 
NGO);  F1 (1 µg/ml of NGO-AgNPs-PEG);  F2 (10 µg/ml of NGO-AgNPs-
PEG);  F3 (100  µg/ml of NGO-AgNPs-PEG) in a pH 7.4 phosphate 
buffer and b pH 5.4 acidic buffer
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above mentioned information, it may be concluded that 
the elevated drug loading and more pH-guided release 
of DOX from NGO-AgNPs-PEG could be possible. Thus, 
NGO-AgNPs-PEG may be considered as an encouraging 
drug delivery vehicle for the anti-malignant drug DOX. To 
know about the efficacy of NGO-AgNPs-PEG as a delivery 
vehicle, cell culture experiment was also performed. The 
results of that study have been mentioned in the later part 
of this article.

3.2.3  Release kinetics

The greater values of regression coefficient suggest that 
all dosage forms of DOX in both alkaline and acidic buffer 
followed Korsmeyer–Peppas model release kinetics.

While the regression coefficient values for  F0,  F1,  F2, and 
 F3 and their corresponding ‘n’ values for Korsmeyer–Pep-
pas model indicate their quasi Fickian release in phos-
phate buffer, whereas their regression coefficient values 
and their corresponding ‘n’ values for Korsmeyer–Pep-
pas model suggest quasi Fickian release except  F3 which 
showed anomalous non-Fickian release in acidic buffer 
(Table S6). Although drug release is more likely to be dif-
fusion driven, which is associated with concentration gra-
dient and the degree of swelling of PEG [28, 69], in cases 
of  F3, the drug release may be controlled by both diffusion 
and polymer relaxation in acidic buffer (considering the 
above mentioned results).

The values of dissimilarity (f1) and similarity (f2) factors 
(according to the model independent method) for com-
parison of drug release pattern from  F0 and  F2 were found 
to be 32.07 which was more than 15 and 38.8 was less 
than 50, respectively, in acidic buffer, whereas their cor-
responding values were 47.81 which was more than 15 
and 39.35 was less than 50 in phosphate buffer. Consider-
ing the values of f1 and f2, it might be ensured that the 
release profiles (in both buffers) of  F0–F2 formulations of 
DOX were dissimilar. This result indicates that after surface 
functionalization of NGO the pattern of DOX release from 
NGO-AgNPs-PEG-DOX is different from NGO-DOX in both 
phosphate and acidic buffer. Considering the above men-
tioned information, it may be concluded that this smart 
NGO-CeNPs-PEG-DOX nanocomposite can be considered 
to be special, as it is selectively active only against cancer-
ous tissue having acidic microenvironment.

3.3  Cytotoxicity study

The cell viability of normal cells cultured with GO may be 
enhanced by surface functionalization with a biocom-
patible polymer like PEG [19, 70, 71]. The silver nanopar-
ticles by PEGylation [7] significantly improve the normal 
cell viability of the respective nanocomposites. Likewise, 

the present data also indicate that PEG functionalized 
graphene nanosheets are biocompatible. Moreover, PEG 
could also act as a stabilizing agent, as earlier work showed 
that PEGylated GO was found to have more stability in 
systemic circulation than pure GO [72]. Considering these 
information, it is expected that when surface-treated with 
PEG, the functionalized NGO metal nanocomposites at a 
higher concentration may also be used as a drug carrier 
without incurring toxicity to cells.

It was found that on HaCaT cells, NGO, NGO-AgNPs and 
NGO-AgNPs-PEG nanocomposites, at a concentration of 
10 μg/ml, showed cell viability of 75.12%, 61.18% and 
70.28%, respectively, indicating enhancement of biocom-
patibility after PEGylation of graphene nanocomposites 
(Fig. 9a) (Table S7). However, pure AgNPs revealed promi-
nent cytotoxic effect on HeLa cell lines. It was also found 
that AgNPs in NGO-AgNPs showed synergistic cytotoxic 
action on both HaCaT and HeLa cell lines. But after PEGyla-
tion biocompatibility of functionalized nanographene 
oxide containing AgNPs was enhanced to some extent 
(Fig. 9) (Table S7). From earlier investigation, it can be 
mentioned that surface modification of metal decorated 
NGO with this biocompatible polymer (PEG) may lower the 
reactive oxygen species effect on normal cells and modi-
fies its cellular uptake [72], which may reduce the cytotoxic 
effect on HaCaT cells treated with PEGylated metal deco-
rated NGO [73]. So, it is expected that NGO-AgNPs-PEG 
may increase the cell viability of HaCaT cell lines. The cell 

Fig. 9  Cytotoxicity Study (after 48 h incubation) of NGO; neem leaf 
extract; AgNPs; NGO-AgNPs; NGO-AgNPs-PEG; Pure DOX; NGO-
DOX; and NGO-AgNPs-PEG-DOX at different concentrations (1 µg/
ml, 10 µg/ml and 100 µg/ml) of each sample on cell viability (% of 
control) a using HaCaT cell line; b in case of HeLa cell line
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viability on both HaCaT and HeLa cell lines indicates that 
the silver decorated nanographene oxide (below 10 μg/
ml) can only be used as a targeted drug carrier (Table S7). 
The aqueous leaf extract of neem is biocompatible but it 
has some cytotoxic effect on HeLa cell lines which favor its 
use in synthesis of AgNPs.

Cytotoxic property of various DOX loaded graphene 
nano cargos along with pure DOX at different concen-
trations were studied on both HaCaT and HeLa cell lines. 
Various samples of DOX (mentioned earlier) at different 
concentrations (1 µg/ml, 10 µg/ml and 100 µg/ml) were 
injected separately into both the cell lines to measure cell 
viability after 48 h incubation. Against the above men-
tioned trend, Fig. 10 shows that DOX loaded PEGylated 
functionalized silver decorated nanographene oxide were 
more cytotoxic as compared to NGO-DOX. That may be 
due to effective and controlled release of DOX from the 
NGO-AgNPs-PEG-DOX nanocomposite than from the 
NGO-DOX. Furthermore, it was also revealed that the 
drug loaded targeted nano carrier, in the forms of NGO-
AgNPs-PEG-DOX had greater cytotoxicity than did the 
nontargeting one, which suggests the potential of selec-
tive internalization, cellular uptake and lethality towards 
specific cancer cells (results obtained from phase contrast 
microscopic image analysis) for the targeting drug carrier 
(Fig. 10). From Fig. 9b, it is also clear that free DOX has a 
potent cytotoxic effect on HeLa cell line. Since free DOX 
cannot differentiate between normal cells and tumour 
cells, it might produce side effects during treatment of 

cancer. Accordingly, on HaCaT cell lines, the cytotoxicity 
study results indicate DOX-loaded PEGylated silver deco-
rated graphene nanocomposite, as compared to free DOX, 
had lesser harmful effect on normal cell than cancer cells. 
So, that nanocomposite may be preferred over free DOX 
although its cell killing effect is comparatively low.

It seems that RGO-AgNPs-PEG may be favourable vehi-
cle in anti-cancer drug delivery with optimum circulation 
self life, EPR effect that would up-regulate intratumoral 
drug delivery due to greater permeability of tumor vas-
culatures, and multivalent effect [74]. So, it may be con-
cluded that targeted drug carriers of PEGylated silver acti-
vated functionalized nanographene oxide could bypass 
the side effects of free DOX in tumor therapy. Furthermore, 
for better understanding, a conceptual overview of this 
strategy is provided by the schematic diagram shown in 
Scheme 1.

4  Conclusion

This study design demonstrated a green chemistry 
approach for the synthesis of PEGylated silver decorated 
graphene nanoplatform at ambient reaction conditions 
using ‘Azadirachta indica (A. indica) (neem)’ aqueous leaf 
extract. The leaf extract acts as a reducing, stabilizing/cap-
ping and anticancer agent. The green chemistry approach 
is eco-friendly and non-toxic. To get rid of toxic gases and 
some impurities, Modified Hummers Method was further 

Fig. 10  Phase contrast micro-
scopic images of HaCaT normal 
cell lines incubated with a 10, 
and b 100 μg/ml NGO-AgNPs-
PEG-DOX for 48 h, after MTT 
treatment. Phase contrast 
microscopic images of HeLa 
cancer cell lines incubated with 
c 10, and d 100 μg/ml NGO-
AgNPs-PEG-DOX for 48 h, after 
MTT treatment [cytoplasm of 
viable cells showing intense 
green fluorescence and dead 
cells showing no fluorescence 
(black in colour)]
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modified for the synthesis of nano-graphene (NGO). As we 
know, graphene has the unique ability in the attachment 
and delivery of aromatic, water insoluble drugs. NGO-PEG 
renders high aqueous solubility and stability in physiologi-
cal solutions. Silver NPs possess significant toxicity to can-
cer cells via the induction of apoptosis whereas normal 
immune system cells are almost unaffected. Formation 
of nanocomposite was confirmed by different analytical 
techniques and even the elemental purity of the nano-
composite was assured by performing the elemental 
analysis of the synthesized nanocomposite. Thus obtained 
nanocomposite consists of silver nanoparticles with the 
size of ~ 25 nm uniformly decorated on the NGO sheets, 
which could prevent the agglomeration of the AgNPs 
and open a path for biomedical applications. In addition, 
negative zeta potential on the surface of nanocomposite 
prevents the non specific absorption of nanocomposite 

on cells. The formed Smart pH stimuli responded NGO-
AgNPs-PEG-DOX nanoplatform exhibits non-compromised 
therapeutic efficacy when compared with free DOX while 
considering the side effect of free drug on normal cells. 
Importantly, the multifunctional NGO-AgNPs-PEG-DOX is 
able to specifically target cancer cells, and exert specific 
cytotoxic effect against the cancer cells. Considering the 
above mentioned information it may be concluded that 
the developed NGO-AgNPs-PEG nano-carrier may hold a 
great promise to be used for targeted and controlled drug 
delivery in tumor therapy.
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delivery
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