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ABSTRACT: Functionalized graphene-based drug delivery
vehicles have conquered a significant position because
functionalization improves its biocompatibility and stability
in cell medium, leaving sufficient graphitic basal plane for drug
loading through π−π stacking. In this study, poly(N-
isopropylacrylamide) (PNIPAM) is covalently grafted from
the surface of graphene oxide (GO) via a facile, eco-friendly
and an easy procedure of free radical polymerization (FRP)
using ammonium persulfate initiator. Various spectroscopic
and microscopic studies confirm the successful grafting of
PNIPAM from GO surface. PNIPAM-grafted GO (GPNM) exhibits enhanced thermal stability, improved dispersibility both in
aqueous and cell medium, and better biocompatibility and cell viability compared to GO. Interestingly, GPNM displays an
exciting fluorescence property in aqueous medium, which is a hike of intensity at 36 °C due to the lower critical solution
temperature (LCST) of PNIPAM chains (32 °C). Moreover both hydrophilic (doxorubicin (DOX)) and hydrophobic
(indomethacin (IMC)) drugs loaded on the surface of GPNM hybrid exhibits its efficacy as an efficient carrier for both types of
drugs. Cellular uptakes of free DOX and DOX-loaded GPNM (GPNM-DOX) are evidenced both from optical and fluorescence
imaging of live cells, and the efficiency of drug is significantly improved in the loaded system. The release of DOX from GPNM-
DOX was achieved at pH 4, relevant to the environment of cancer cells. The pH-triggered release of hydrophobic drug was also
studied using UV−vis spectroscopy via alginate encapsulation, showing a great enhancement at pH = 7.4. The IMC is also found
to be released by human serum albumin using dialysis technique. The GPNM nanomaterial shows the property of simultaneous
loading of DOX and IMC as well as pH-triggered simultaneous release of both of the drugs.
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■ INTRODUCTION

Recently, graphene oxide (GO) has sparked an enormous
interest in the scientific and technological community due to its
intriguing electronic, mechanical, thermal, and optical proper-
ties.1−7 It can easily be made from graphite, which is an
abundant and cheap material, and it appears to be the precursor
of its counterpart graphene. GO has the natural tendency to be
highly dispersible both in water and in polar organic solvent
due to the presence of oxygen-containing group at the basal
plane as well as at the edges of graphene.8−10 Poor dispersibility
of graphene in common solvents and its intrinsically zero band
gap prohibit any spectral transition limiting its applications in
the fields like fabrication of optoelectronic devices, chemo/
biosensing, etc. But the existence of substantial band gap in GO
due to the presence of sp3-hybridized carbon atoms11−13 makes
it a smart nanomaterial with the possibility of application in
different fields. Its distinct characteristics, such as large surface
area and facile surface modification,14−16 provide the
opportunity of tailoring the optoelectronic properties of
GO.17 All the aforementioned advantages of GO make it
extremely attractive in nanocomposites6,18 and catalysis,19 and
they have also opened up exciting ways of exploiting new

applications in biotechnology, such as drug delivery, cell
imaging,20−22 chemo/biosensing,23 etc.
The research field of GO that has gained recent popularity is

the fluorescence property, arising from the heterogeneous
atomic and electronic structures of GO. Dai and his co-
workers20,21 have reported the intrinsic fluorescence property
of nanographene oxide (NGO) for the first time. Then several
research groups have reported the fluorescence property of GO
and functionalized GO, which was presumably allocated to the
radiative recombination of electron−hole pairs among the
confined cluster originating from the small and isolated sp2

carbon domains embedded in the sp3 matrix.17,24−27 Recently,
the pH-dependent fluorescence property of GO has also been
explored,28−30 which opens a new way to develop different
efficient chemical and biochemical sensors.31,32 In the previous
articles, we exploited the pH-dependent fluorescence property
of GO to make highly fluorescent GO polymer hybrids, which
have been used as efficient fluorescent materials to detect
nitroaromatics and Au3+ ion.33,34 We have also reported the
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pH-dependent fluorescence property of functionalized gra-
phene, namely, sulfonated graphene (SG), and it has been used
as a donor to detect vitamin B2 in the fluorescence resonance
energy transfer-based system.35 Fluorescence property of GO-
polymer hybrid/functionalized GO at low pH restricted us to
further apply this nontoxic, cheap fluorescent material for
biological applications. Recently, the applicability of function-
alized GO in biomedical field increases utilizing its high surface
area that enables to load various kinds of drug via noncovalent
interaction. Though GO may exhibit some biocompatibility due
to its oxygen-containing groups, polymer-functionalized NGO
has been successfully used as a nanocarrier to load anticancer
drugs where polymer attachment improves the biocompatibility
as well as stability of graphene sheets in biological medium.20,21

Considering these well-documented facts, here we covalently
functionalized GO using a commonly used biocompatible
polymer to render the GO stable in aqueous solution,
biocompatible, and highly fluorescent at neutral pH.
In recent days different radical polymerization techniques are

employed for the grafting of several types of polymer chains
from or onto GO sheets via “grafting from”, “grafting to” or in
situ polycondensation approaches,36−44 and attention has been
paid to the functionalization of graphene or GO mainly for
improving their dispersibility. Although controlled radical
polymerization (CRP) techniques such as atom transfer radical
polymerization (ATRP),36,39 reversible addition−fragmentation
chain transfer (RAFT),45 and single electron transfer-living
radical polymerization (SET-LRP)46 are used to graft definite
polymer chains on graphene or GO surfaces, but these
procedures are quite complicated since extra steps are necessary
to introduce initiating groups on graphene or GO sheets before
the process of grafting. Recently Pan et al. have synthesized
water-soluble poly(N-isopropylacrylamide) grafted graphene
sheets via click chemistry for hydrophobic drug delivery,47 but
the synthetic procedure is much too lengthy and hazardous. For
this reason we used the simple in situ free radical polymer-
ization (FRP) technique to graft poly(N-isopropylacrylamide)
(PNIPAM) from GO surface using the previously reported
methods.44,48 We selected N-isopropylacrylamide (NIPAM) as
monomer to prepare GO-PNIPAM (GPNM) hybrids to
enhance the aqueous dispersibility of GO since NIPAM is a
well-known hydrophilic monomer. Also PNIPAM, a biocom-
patible and stimuli-responsive polymer, has potential bio-
medical applications, such as controlled drug delivery, artificial
muscles, cell adhesion mediators, and precipitation of
proteins.49,50 Recently, functionalized GO has found fascinating
applications in drug delivery.51−55

In this article we report the fluorescence property of GPNM
hybrids in aqueous medium and investigate the origin of the
enhanced fluorescence property. We also studied the in vitro
cytotoxic effect of as-synthesized GPNM hybrid by measuring
the relative cell viability using conventional methyl thiazolyl
tetrazolium (MTT)-based assay. Owing to the presence of
conjugated structure and oxygenous moiety in GO basal plane,
GPNM can adsorb and attach both hydrophilic and hydro-
phobic aromatic drugs via π−π stacking, hydrophobic, and
hydrogen bonding interactions. So, we investigated the loading
and release behavior of a hydrophilic anticancer drug
doxorubicin (DOX) by using the fluorescence property as
well as a water-insoluble, nonsteroidal anti-inflammatory drug
indomethacin (IMC) via UV−vis spectroscopy. The cellular
uptake of free DOX and DOX-loaded GPNM (GPNM-DOX)
are studied to understand the efficiency of GPNM as a

nanocarrier. On the other hand, pH-triggered release of IMC is
carried out utilizing the encapsulating ability of sodium alginate
(SA), which is a significant ingredient to construct oral drug
delivery vehicle.56 The individual release of IMC to human
serum albumin (HSA) is also studied using dialysis technique.
To the best of our knowledge, the GO-grafted smart polymers
or functionalized GO can act as nanocarrier for one kind of
drug, either hydrophilic or hydrophobic, as reported in recent
literature.47,52,55 Here the present GPNM nanocarrier was
successfully employed to load both types of drugs (hydrophilic
and hydrophobic) having different clinical functions. We also
studied the possibility of simultaneous delivery of the drugs
using our synthesized GPNM nanocarrier.

■ EXPERIMENTAL SECTION
Materials. Graphite powder, N-isopropylacrylamide, and HSA

were purchased from Sigma-Aldrich (USA). Potassium permanganate,
35% hydrochloric acid (G.R. grade), sulfuric acid, phosphoric acid,
30% hydrogen peroxide, sodium alginate (SA), calcium chloride, Tris·
HCl, and ammonium persulfate (APS) were purchased from Merck
(Mumbai) and were used as received.

Synthesis of GO and GO-g-PNIPAM (GPNM) Hybrids. At first
graphite oxide was prepared from graphite powder according to the
improved Hummers method57 and sonicated in water to prepare well-
exfoliated GO sheets. PNIPAM was grafted onto GO via the in situ
free radical polymerization.44 Typically 10 mg of GO and 20 mL of
high-performance liquid chromatography (HPLC)-grade water were
taken in a round-bottom flask, sonicated for 1 h in an ultrasonic bath
(60 W, frequency 28 kHz, model AVIOC, Eyela) to obtain a well-
dispersed solution. Then the required amounts of NIPAM and HPLC-
grade water were added to the flask and stirred for 30 min, followed by
the addition of 50 mg of APS (initiator). The resulting solution was
purged with nitrogen for 30 min and was then immersed in an oil bath
thermostated at 65 °C. After 48 h the reaction mixture was cooled to
room temperature and exposed to air to terminate the reaction. The
solution was then centrifuged at the speed of 12 000 rpm using a
Beckman Coulter (Allegra Model 64R) centrifuge and repeatedly
washed with cold water to remove the noncovalently attached free
polymers to GO until the supernatant becomes transparent, tested at
hot condition (∼35 °C). The resulting products were then freeze-
dried and stored in vacuum for further use. The recipes of the
preparation of different GPNM hybrids are presented in Supporting
Information, Table S1, and the schematic outline is delineated in
Scheme 1. The GPNM 1:50 (w/w) hybrid is commonly designated as
GPNM hybrid, which is used for different drug-loading and drug-
delivery purposes.

Instrumentation. Microscopy. The GO and GPNM dispersions
were characterized by transmission electron microscopy (TEM JEOL,
2010EX) fitted with a CCD camera at an acceleration voltage of 200
kV. The samples for TEM measurements were prepared by casting a
small drop of dilute GO and GPNM solution on a carbon-coated
copper grid, allowed to dry in air, and finally dried in vacuum at 30 °C.
Atomic force microscopy (AFM) was conducted in the noncontact
mode at a resonance frequency of ∼250 kHz of the tip. A drop of
dilute sample solution (GO and GPNM1:50) was casted on a clean
mica surface, and the morphology of the vacuum-dried sample was
studied using an AFM instrument (Veeco, model AP 0100).

Scheme 1. Schematic Representation of the Synthesis of GO-
g-PNIPAM Using in Situ FRP Technique
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Spectroscopy. The GO and GPNM hybrids were dispersed in
desired amount of HPLC-grade water and sonicated in an ultrasonic
bath to make a constant composition (0.01% w/v) for spectroscopic
studies. The UV−vis absorption spectra of aqueous solutions of the
samples were recorded with a UV−vis spectrophotometer (Hewlett-
Packard, model 8453) using a cuvette of 1 cm path length. For
temperature-dependent absorbance measurement the pure PNIPAM
and GO-g-PNIPAM (GPNM 1:50) hybrid solution was equilibrated
for 10 min at each temperature.
Fluorescence (FL) study was performed in a sealed cuvette, and the

emission was recorded in a Horiba Jobin Yvon Fluoromax 3
instrument. GO and GPNM hybrid solutions were taken in a quartz
cell of 1 cm path length, excited at 320 nm wavelength, and the
emission scans were recorded from 350 to 610 nm using a slit width of
5 nm for both the excitation and emission with an increment of 1 nm
wavelength having an integration time of 0.1 s. For loading and release
study of DOX the sample solutions were excited at 490 nm
wavelength, and the emission scans were recorded from 510 to 800
nm with the same slit width as above.
The 1H NMR spectra of different GPNM hybrids (0.1 mg/mL)

were performed using Bruker spectrometer operating at 500 MHz in
D2O.
FTIR spectra of GO and GPNM hybrids were obtained using KBr

pellets of the solid samples in Perkin Elmer FTIR instrument
(spectrum100).
Raman spectra of GO and different GPNM hybrids were recorded

using a LabSpec Raman spectroscope (JY T6400). The sample
solutions were taken in a quartz cell of 1 cm path length and were
excited using 514 nm argon laser with a scanning duration of 50 s.
The X-ray photoelectron spectroscopic (XPS) study of the GO and

GPNM 1:50 hybrid film was performed using a focused mono-
chromatized Mg Kα X-ray source (1253.6 eV) in the XPS instrument
(Omicron NanoTechnology 0571).
Thermogravimetric Analysis. The thermal stability of GO and

GPNM1:50 were measured using a Perkin Elmer TGA instrument
(Pyris Diamond TG/DTA) under nitrogen atmosphere at a heating
rate of 10 °C min−1.
Cellular Uptake Study. The uptake of free DOX and DOX-

loaded GPNM hybrid (GPNM-DOX) by human glioblastoma cells
U87MG was evaluated by fluorescence microscopy. The U87MG cells
were seeded in 24-well tissue culture plates in the presence of 500 μL
of Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5%
CO2. After overnight growth, the cells were incubated for 6 h with free
DOX and GPNM-DOX at final concentration of drug (8.5 μg/mL).
After washing the cells with PBS buffer solution, fresh DMEM medium
was added, and live cells were imaged under fluorescence microscope
in green light excitation.
Loading and Release of DOX. Loading of DOX onto GPNM

hybrid was carried out by simply mixing various amounts of DOX
(0.025 to 0.1 mg/mL) with GPNM solution of different
concentrations (0.1 to 0.3 mg/mL) at pH 7.4 and was kept overnight
with stirring. Unbound excess DOX was removed by centrifugation at
15 000 rpm for 10 min. The supernatant was discarded, and the
precipitate (GPNM-DOX) was washed three times with HPLC-grade
water by centrifugation. Then the resulting complexes were
resuspended and were stored at 4 °C for future use. The loading of
DOX was investigated by fluorescence and UV−vis spectroscopy. For
release of DOX, the GPNM-DOX was incubated in buffer solutions at
pH 4 for different periods of time. The release of DOX from GPNM-
DOX was monitored by fluorescence spectroscopy using the
supernatants from GPNM-DOX after centrifugation at different time
points at 30 °C.
In Vitro Cytotoxicity Assays and Biocompatibility Evaluation.

The relative cell viability of GO and GPNM in U87MG cells and
mouse embryonic fibroblasts cells (3T3-L1) was evaluated by
conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays, assuming 100% cell viability for control cells, that
is, without any materials. The in vitro cytotoxicity of DOX and
GPNM-DOX on U87MG cells were also studied by MTT assay. At

first, GO and GPNM solutions were dialyzed against HPLC-grade
water to remove any soluble impurity or free homopolymer before
cytotoxicity measurement. Then, the U87MG and 3T3-L1 cells were
seeded in 24-well plates at high density in 500 μL of DMEM
containing 10% FBS and 1% penicillin/streptomycin at 37 °C and 5%
CO2. After overnight of cell attachment, the cells were incubated with
different GO and GPNM concentrations (2−100 μg/mL) for 24 h.
For free DOX and GPNM-DOX the concentration of DOX was varied
(1−22 μg/mL) for the in vitro cell viability study. The unbound
materials were removed by washing with PBS buffer solution. Then
500 μL of DMEM medium was added to each well, and 50 μL of
aqueous solution of MTT (5 mg/mL) was added and allowed to stand
for 4 h. The violet formazan was dissolved in 500 μL of sodium
dodecyl sulfate solution in water/dimethylformamide mixture.
Absorbance of formazan solution was carried out at 570 nm using a
BioTek SynergyMx microplate reader.

The effect of GO, GPNM, DOX, and GPNM-DOX on the cell
morphology was observed by optical microscope. Briefly, the cells were
seeded in 24-well plate in 500 μL of DMEM medium supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C and 5% CO2.
After overnight growth, the cells were incubated with GO and GPNM
of final concentration of 17 μg/mL for 24 h. In the case of DOX and
GPNM-DOX the final concentration of DOX was 8.5 μg/mL. Then
cells were washed with PBS buffer solution to remove the
uninternalized materials. Then fresh 500 μL of above DMEM medium
was added. The cell morphology was observed by using Olympus IX81
optical microscopy.

Loading and Release of Indomethacin. Indomethacin (IMC)
capsule was dissolved in 2 mL of alcohol, shaken vigorously, and then
centrifuged at 4000 rpm for 10 min. The yellowish colored
supernatant was collected. The residue was washed with 3 mL of
alcohol using centrifuge, and a total of 5 mL of solution was collected
and stored in refrigerator as stock solution. For loading purpose
different amount of alcoholic indomethacin solution was added to
same quantity of aqueous GPNM solution keeping the GPNM
concentration as 0.2 mg/mL, and the indomethacin concentrations
were varied from 0.01 to 0.1 mg/mL. The loading of indomethacin
was investigated by UV−vis spectroscopy. For release of the
hydrophobic drug two techniques were adopted. In the first case,
IMC-loaded GPNM (GPNM-IMC) solution was used to prepare
sodium alginate (SA)-encapsulated GPNM-IMC beads. For that
purpose 1 mL of GPNM-IMC (0.1 mg/mL) solution was added with
1 mL of SA (20 mg/mL) solution under constant stirring to get a
homogeneous solution. The resultant solution was then added
dropwise into CaCl2 solution with gentle stirring to prevent bead
agglomeration. The beads were then washed with doubly distilled
water several times. After that, HCl solution was added dropwise to
adjust the pH of the release media to 2, and the release of IMC was
monitored using UV−vis spectra of the solution in different time
interval. After 3 h tris(hydroxymethyl)aminoethane solution was
added dropwise to the above solution, the pH of the release media was
maintained at 7.4, and the drug release at this pH was monitored using
the above-mentioned procedure. For another study GPNM-IMC
solution was dialyzed against HSA solution of concentration 0.5 mg/
mL, and the release of IMC from the GPNM surface was monitored
by taking UV−vis spectra of the dialysate at different time interval.

Simultaneous Loading and Release of Drugs. The simultaneous
loading of DOX and IMC was achieved from previously stored
GPNM-DOX solution by adding alcoholic solution of IMC
(concentration of drugs used 0.1 mg/mL) using the above-mentioned
procedure. For release purposes, the dual drug-loaded GPNM solution
was dialyzed against acidic (pH 2) and basic (pH 7.4) medium. The
release was monitored by taking UV−vis absorbance spectra at
different time intervals.

■ RESULTS AND DISCUSSION

Spectral Characterization. Scheme 1 represents the
synthesis protocol of GO-g-PNIPAM, by which different
GPNM hybrids (GPNM 1:10, GPNM 1:50, GPNM 1:100;
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Supporting Information, Table S1) are synthesized using a
simple in situ free radical polymerization technique. The
successful grafting of monomer from GO sheets is manifested
from 1H NMR spectroscopic study. Figure S1a−c exhibits the
NMR spectra of different GPNM samples in D2O, and from the
spectra it is clearly evident that NIPAM is polymerized from
GO surface, as they show strong proton signals of PNIPAM
units marked in the figure.
Raman spectroscopy is an important and nondestructive tool

to characterize the electronic structure of carbon-based
samples, and it is often used to study the structural changes
of GO during chemical functionalization. Figure 1 exhibits the
typical Raman spectra of GO and GPNM hybrids.

The Raman spectrum of GO shows two prominent well-
documented peaks at 1353 and 1584 cm−1. The band at 1353
cm−1 is assigned to the D band, which arises due to the
vibration of carbon atoms of disordered graphite, indicating the
formation of sp3 carbon in GO, whereas the band at 1584 cm−1

is allocated to the G band, which is associated with the first-
order scattering of E2g vibration mode for sp2 carbon lattice of
graphitic domain.58 The G band in all the GPNM hybrids
exhibits a gradual blue shift from 1584 cm−1, and the blue shift
becomes prominent (10 cm−1) for GPNM 1:100 hybrid. The
blue shift may be attributed to the tethering of PNIPAM chain
on GO sheet via free radical process of grafting, deteriorating
the alternate pattern of single−double bonds within the sp2

carbon sheets. Furthermore, compared with GO the ID/IG
intensity ratio of GPNM hybrids gradually enhances with
increase of PNIPAM concentration (Table 1), indicating the
gradual increase of sp3 carbon structure after polymer grafting.
We also calculated the size of sp2 carbon clusters of GO and

GPNM hybrids (Table 1) by employing Knight’s empirical
formula59 on the Raman spectra.

=L I I4.35/( / )a D G

where La is designated as the size of sp
2 carbon clusters, and ID/

IG is the intensity ratio between D and G band. From Table 1 it
is confirmed that the grafting of PNIPAM from GO sheets
causes a gradual reduction of graphitic structure causing an
increase of ID/IG ratio and also decreasing the size of the
graphitic domains with increase of NIPAM concentration in the
GPNM systems.
A comparison of FTIR spectra of GO and GPNM hybrids

further provides information about the attachment of PNIPAM
to the surface of GO sheets (Supporting Information, Figure
S2a). In case of GO the absorbance peaks at 1052, 1229, 1376,
1611, and 1710 cm−1 are attributed to the C−O stretching
(alkoxy), asymmetric stretching modes of the epoxy (C−O−C)
group, O−H stretching (carboxyl), CC stretching (assigned
to skeletal vibrations of unoxidized graphite domains), the
stretching mode of carbonyl (CO) bonds in both ketone and
carboxylic acid groups, respectively.57 The grafting of monomer
from the GO surface introduces several new peaks clearly due
to the incorporation of PNIPAM in the products. For instance,
the band at 1557 cm−1 represents deformation of N−H band,
whereas the band at 1650 cm−1 corresponds to the stretching
vibrations of CO band (amide I band), which can be
ascribed to the typical vibration of OCNH functionalities of
PNIPAM segment. The amide I band shifts slightly to higher
wavenumber (1650 cm−1) from 1642 cm−1 of pure PNIPAM
(Supporting Information, Figure S2b) due to the hydrogen
bonding between >CO groups of polymer molecules and
GO sheets. Again, the prominent FTIR band at 1462 cm−1

corresponds to the isopropyl group of PNIPAM, which clearly
proves the existence of PNIPAM on the surface of GO.
To obtain better insight into the surface functionalization

from GO we performed the XPS spectroscopic study for GO
and one of the hybrids (GPNM 1:50). The XPS spectrum of
GO (Supporting Information, Figure S3) clearly indicates the
presence of oxygen-containing functional groups after chemical
oxidation of graphite powder. The survey scan XPS spectrum of
the GPNM hybrid is depicted in Figure 2. In this spectrum, the
peaks at 287, 401.2, and 532.9 eV correspond to C 1s, N 1s,
and O 1s core level, respectively. The presence of N atoms of
PNIPAM segment in the hybrid is distinctly identified by the
XPS spectrum, presented in the inset of Figure 2, which
confirms the grafting of PNIPAM from GO surface.

Figure 1. Raman spectra of GO and GPNM hybrids with indicated
composition, where D and G denote the characteristic D and G bands
of graphene.

Table 1. ID/IG Ratio and Crystalline Size of GO and GPNM
Hybrids

sample name ID/IG ratio La (nm)

GO 0.91 4.78
GPNM1:10 0.95 4.58
GPNM1:50 1.01 4.30
GPNM1:100 1.05 4.14

Figure 2. Survey scans XPS spectrum of GPNM 1:50. (inset) N 1s
spectrum.
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Thermal Analysis. The thermal stability of GO and GPNM
samples is determined from TGA thermograms (Supporting
Information, Figure S4), and it is evident from Figure S4 that
GO is not thermally stable since it starts decomposition below
100 °C due to the volatilization of adsorbed water in its π-
stacked structure; the main mass loss occurs at ∼150−250 °C
because of the pyrolysis of labile oxygen-containing groups such
as −OH, −COOH, and epoxy groups.60 On the contrary, after
polymer grafting the stability of graphene sheets increases, and
for GPNM hybrids the maximum mass loss occurs at ∼360 °C,
which may be ascribed to the decomposition of the grafted
PNIPAM chains. From the TGA thermogram it is important to
note that the loss of oxygenous moiety in GPNM is prevented
due to the wrapping of GO sheets with the PNIPAM chains
that act as an effective shield prohibiting the heat flow.
Morphological Study. TEM is a useful tool to visually

characterize the morphology of polymer-functionalized GO/
graphene. Figure 3a,b and Supporting Information, Figure

S5a,b exhibit the TEM images of GO and GPNM hybrids. The
TEM image (Figure 3a) indicates the exfoliated sheet of GO,
exhibiting clearly the smooth surface of GO sheet. The black
patches over the sheets [Figure 3b and Supporting Information,
Figure S5a,b] clearly imply the formation of PNIPAM from the
GO surface.
We further characterized the synthesized GPNM material by

AFM [Figure 4a,b] to measure the thickness of the polymer
grafted on GO sheets. From the height profile the thickness of
GO sheets is found to be 0.85 nm, clearly suggesting almost a
complete exfoliation of GO sheets. In contrast, on polymer-
ization with NIPAM the thickness of GPNM has increased to
3.2 nm indicating that the PNIPAM chains are successfully
grafted from the surfaces of GO sheets.

Spectral Properties. Fluorescence in amorphous carbon-
based materials arises due to the radiative recombination of
electrons and holes (e−h) created by confined sp2 clusters.61

The sp2 clusters in heterogeneous carbon network like GO
have opened up electronic band gaps, which are inherently
associated with their sizes, shapes, and fractions as well as the
symmetry and topology of the sp2 chains and clusters.62 The
fluorescence spectra of GO and GPNM hybrid solutions
(aqueous) are presented in Figure 5, and from the spectra it is
quite evident that GO shows very weak emission at 443 nm due
to the presence of epoxy, carboxyl, and hydroxyl groups causing
a greater proportion of nonradiative decay of excitons. On the
contrary, after grafting of PNIPAM from the GO surface the
fluorescence intensity dramatically increases with an increase of
NIPAM weight ratio with a gradual blue shift of the emission
peak.
To obtain a vivid idea about the origin of enhanced

fluorescence property of the GPNM hybrids the sp2 cluster
sizes of GO and GPNM hybrids (Table 1) are considered, and

Figure 3. TEM images of (a) GO and (b) GPNM1:50 hybrid.

Figure 4. Tapping mode AFM images and height profile of (a) GO and (b) GPNM1:50.
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cluster size varies in the range of 4.78 to 4.14 nm. The size of
sp2 clusters of GO is ∼4.8 nm, which may account for the weak
blue emission of GO, though different propositions are put
forwarded in recent reports.20−24 Pan et al.63 have suggested
that the blue emission of GO might originate from the free
zigzag sites with a carbene-like triplet σ1π1ground state. In
contrast the creation of smaller sp2 clusters and structural
defects during the polymerization process are likely to be
responsible for the origination and augmentation of blue
emission for all the GPNM hybrids. From Figure 5 it is quite
obvious that there is a gradual blue shift of the emission peak in
all the hybrids with increase in PNIPAM concentration from
that of GO. This may be attributed to the lowering of sp2

domain size, defect level transition, and structural changes,
since it is well-documented that both the structure and defects
influence the electronic structure of nanomaterials, changing
their optical properties appreciably.64 Again, the grafting of
PNIPAM from the GO surface results in a reduction of GO
planarity (as reflected from the ID/IG values, Table 1) resulting
in a less-conjugated system where the nonradiative hopping of
excitons would be restricted causing both an enhancement in
fluorescence intensity and a blue shift of the emission peak of
the hybrids.
Owing to the incorporation of PNIPAM, the polymer-grafted

GO sheets become readily dissolved in water under sonication,
and the dispersion remains stable for months. At room
temperature (25 °C) the >CO and N−H bonds of PNIPAM
form intermolecular hydrogen bonds with the surrounding
solvent (water) molecules, which limits the motion of bound
water molecules. This phenomenon prevents the aggregation of
GO sheets; thus, the interlayer quenching and the dynamic
quenching of fluorescence intensity due to the smaller solvent
(bulk water) molecules are reduced to a great extent.33 These
aforementioned factors cause the passivation of GO surface due
to the polymerization of NIPAM, which certainly contributes to
the enhancement of fluorescence intensity of all the GPNM
hybrids where the degree of enhancement depends on the
degree of passivation.
The fluorescence study of the GPNM hybrids at pH 4 and

9.2 are presented in Supporting Information, Figure S6a,b, and
the same trend of fluorescence intensity enhancement with
increase of NIPAM concentration exists in all these pH,
suggesting that the above reasons behind the augmentation of

fluorescence intensity are legitimate. In Supporting Informa-
tion, Figure S7a, a comparison of fluorescence intensity
enhancement with NIPAM concentration at different pH is
presented, and it is clear that at pH 4 the fluorescence intensity
and its increase rate is higher than those at other pH. A
probable reason is that the protonation of carboxyl and epoxy
groups of GO/GPNM hybrid reduces the accessibility of
nonbonding electrons responsible for nonradiative recombina-
tion of holes of GO significantly, causing an increase of the
emission intensity. At higher pH values (pH 7 and pH 9.2)
ionization of carboxylic acid groups causes an increase of the
accessibility of electrons responsible for nonradiative recombi-
nation of holes of GO yielding lower fluorescence intensity
than that at pH 4.28,33,34 It is necessary to mention here that to
utilize this system for biological applications the fluorescence
property at pH 7 is certainly important as most of the biological
processes occur at these pH. In Supporting Information, Figure
S7b the wavelength of emission peak is plotted with NIPAM
concentration in the GPNM hybrids at different pH. It is
interesting to note that in all the pH there is a gradual blue shift
of the emission peak with rise of NIPAM concentration, and
this is attributed to the increased disorder of the graphitic
structure (Table 1) due to grafting of higher amount of NIPAM
on the GO surface. Again, with increase of pH for every system
the blue shift increases due to the increase in the band gap at
higher pH for ionization of −COOH and −OH groups causing
electrostatic doping,65 which also elevates the disorder of GO
to higher extent.
We also performed the temperature-dependent fluorescence

property of both GO and GPNM hybrid. The fluorescence
spectrum of GO (presented in Supporting Information, Figure
S8) is almost temperature-invariant. In contrast, the fluo-
rescence spectra of GPNM 1:50 hybrid (Figure 6) depict a nice

change of fluorescence intensity with temperature and show a
sharp increase at 36 °C, and this may be attributed to the phase
separation of PNIPAM chains above its LCST causing the
formation of different microenvironment (hydrophobic), which
reduces the quenching of excitons of GO by solvent molecules
(water) to some extent. Above LCST the whole system remains
as turbid dispersion, which does not allow collapsed PNIPAM
chains sufficiently closer to GO sheets probably due to the
steric hindrance created by the tethered segments and the
oxygen-containing groups anchored from the GO surface
prohibiting the rest part of the grafted PNIPAM chains to
collapse on the GO surface. The aggregation of PNIPAM

Figure 5. Fluorescence spectra of GO and GPNM hybrids with
indicated composition for excitation at 320 nm.

Figure 6. Temperature-dependent fluorescence spectra of GPNM
1:50 hybrid.
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chains within themselves above the tethered segments keeps
the GO as a core that protects the quenching of GO excitons
with the water molecules. A small decrease of fluorescence
intensity above LCST in the GPNM sample may be attributed
to quenching that occurs from the intermolecular exciton
transfer in the GPNM-rich phase. PNIPAM itself has no
fluorescence property, but the substantial fluorescence property
of GPNM hybrid encourages its use as a thermoresponsive
fluorescent material.
For a comparison of the thermoresponsiveness of PNIPAM

and GPNM hybrid the temperature-dependent absorbance was
studied. The temperature-dependent absorbance of PNIPAM
[Supporting Information, Figure S9a] shows a sudden jump at
32 °C, whereas GPNM [Supporting Information, Figure S9b]
displays a sharp change of absorbance at 37 °C. The LCST of
PNIPAM appears because of the breaking of H-bonds with the
water (solvent) molecules facilitating the interchain aggrega-
tion. On the contrary, in GPNM system the attachment of GO
sheet with PNIPAM hinders the aggregation process due to the
−OH, −COOH, and epoxy groups, which favor the GPNM
system to remain as aqueous dispersion. The steric hindrance of
the attached graphitic domain may also prevent the interchain
aggregation of PNIPAM at least to some extent contributing to
the increase of LCST of the GPNM system.
Biomedical Application. To appraise the potential

application of GPNM hybrids in the biomedical field by
exploiting their excellent hydrophilic, fluorescence, and drug-
loading (discussed below) properties, their biocompatibility
with U87MG and 3T3-L1 cells were determined. The
differential interference contrast microscopy (DIC) images of
U87MG and 3T3-L1 cells incubated into different material with
final concentration of 17 μg/mL are depicted in Supporting
Information, Figures S10 and S11, respectively. The DIC
images clearly demonstrate that the cells still keep their normal
morphology after 24 h incubation with GPNM (Supporting
Information, Figures S10c and S11c). Similarly, GO also shows
good biocompatibility at the same final concentration after 24
h. To further confirm the excellent biocompatibility of GPNM,
in vitro cytotoxicity effect of GO and as-synthesized GPNM
hybrid was investigated by conventional MTT assay using
U87MG and 3T3-L1 cells. GO and GPNM hybrid solutions of
different concentration were incubated with the cells for 24 h,
then standard MTT assay was performed to determine the
relative cell viability assuming 100% viability for cells without
any materials. The cell viability of GO and GPNM hybrid
solutions with U87MG and 3T3-L1 cells are presented in
Figures 7 and 8, respectively. No significant change in cell
viability is observed when cells were incubated with GPNM
solution having concentration of 2−100 μg/mL for 24 h. At
higher concentration the cell viability of GPNM is found to be
∼80% for both kinds of cells. The cell viability of GO at low
concentrations is similar to GPNM, but it significantly reduces
at higher concentrations for both of the systems.
Thus, the cell viability measurement of GPNM from both

cancer and normal cell lines confirms the excellent biocompat-
ibility. It is necessary to mention here that in GPNM the actual
amount of GO is lower than GO at the same concentration of
analyte (w/v), and the cell viability data are not normalized
with respect to GO concentration. The main aim of
functionalization is to get improved biocompatibility for the
same analyte concentration to visualize the effect of synthesized
material. The functionalization of GO with PNIPAM therefore

yields more biocompatibility and dispersibility in cell medium
preventing aggregation of GO sheets.
In view of their excellent optical properties and biocompat-

ibility, GPNM has great prospects for biomedical applications.
Hence, we used this biocompatible nanomaterial for the loading
and release of DOX (a well-known hydrophilic anticancer drug
extensively used in chemotherapy). For that purpose, we first
studied the effect of free DOX and GPNM-DOX on the cell
morphology using DIC microscopy (Supporting Information,
Figure S12). Again, to affirm whether GPNM could carry DOX
readily into cells, we investigated the cellular uptake of DOX
and GPNM-DOX by U87MG cells after 6 h of incubation (final
DOX concentration is 8.5 μg/mL) through both optical and
fluorescence imaging. As shown in Figure 9, fluorescence is
observed in U87MG cells for both free drug and drug-loaded
GPNM hybrid, which clearly demonstrates the delivery of drug
into the cells via penetrating cell membranes. To further
confirm that DOX-loaded GPNM hybrid is really taken up by
the cell and not by the free DOX in cell culture medium,
U87MG cells were incubated with GPNM-DOX for 30 min
and additional 5 h incubation with fresh DMEM medium after
washing. Fluorescence imaging study (Supporting Information,
Figure S13) shows that after 30 min very low fluorescence
signal of DOX into the cells is observed due to the low uptake
of GPNM-DOX hybrid. If free DOX exists, better fluorescence
imaging would be observed. After additional incubation of 5 h

Figure 7. Relative cell viability of U87MG cells after 24 h of incubation
with GO and GPNM hybrid solution; error bars are based on three
repetitive measurements.

Figure 8. Relative cell viability of 3T3-L1 cells after 24 h of incubation
with GO and GPNM hybrid solution; error bars are based on three
repetitive measurements.
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the fluorescence signal of DOX into cells increased because of
the release of DOX from GPNM-DOX in the cell.
The cytotoxicity effects of DOX and GPNM-DOX are also

measured via MTT-based assay using U87MG cells. Figure 10

shows the relative cell viability of U87MG cells after incubating
with DOX and GPNM-DOX for 24 h while varying the
concentration of DOX. The result clearly indicates that GPNM-
DOX exhibits higher cytotoxic effect compared to free drug
with increasing drug concentration. Thus, obviously GPNM
can carry DOX into cells to improve the drug efficiency
compared to DOX without GPNM.
Now, we monitored the loading and release of DOX through

different spectroscopic techniques. The DOX-loaded GPNM
(GPNM-DOX) becomes readily dispersed in water, forming a
clear transparent solution with reddish color. The loading of
DOX was monitored by both UV−vis and fluorescence
spectroscopic investigations. The UV−vis absorption spectra
of different GPNM-DOX solutions with the same GPNM

concentration (0.2 mg/mL) but variable DOX concentration
evidently represent the appearance of characteristic DOX
absorbance peaks (Supporting Information, Figure S14)
testifying to the successful loading of DOX onto the GPNM
hybrid even after three times washing of GPNM-DOX samples
with water. The actual concentration of DOX loaded onto
GPNM (Supporting Information, Table S2) is measured by the
absorbance peak of DOX after subtracting the absorbance of
GPNM solution at the same wavelength, and the calibration
plot is also shown in Supporting Information, Figure S15
(inset). The fluorescence spectra of free DOX and GPNM-
DOX with different DOX concentration but for the same
GPNM concentration (0.2 mg/mL) at pH 7.4 are shown in
Supporting Information, Figure S16. As evidenced from Figure
S16, a significant quenching of DOX fluorescence upon binding
onto GPNM surface is observed, indicating the closer proximity
of DOX molecules to the graphene surface.66 Again the loading
of DOX molecules with the same DOX concentration but
different GPNM concentration (0.1 mg/mL to 0.3 mg/mL) is
also evidenced from fluorescence spectra presented in
Supporting Information, Figure S17. The fluorescence spectra
clearly indicate that DOX fluorescence intensity gradually
decreases with increase of GPNM concentration from 0.1 to 0.3
mg/mL. Thus, obviously GPNM plays a definite role for
binding of DOX onto its surface through noncovalent
interaction driven by π−π stacking, hydrophobic, and hydrogen
bonding interactions.67 With GO−DOX system the same type
of interactions are possible, but a major difficulty is that the
GO−DOX system does not form stable dispersion, since GO is
not so much stable either in physiological condition or in the
cell culture media, as evidenced from the digital photographs
(Supporting Information, Figures S18 and S19). Thus, our
synthesized material can serve as better nanomaterial for the in
vitro application than GO alone.
For our study we selected the GPNM-DOX sample with

lowest DOX concentration having the GPNM concentration of
0.2 mg/mL, and for clarity the fluorescence spectra of free
DOX and GPNM-DOX at the same DOX concentration is
shown in Figure 11. The loading capacity of drug is calculated

by monitoring the emission peak intensity of the drug at 595
nm with the help of following equation:

= −

×

loading capacity 100 {(DOX intensity in presence of 

GPNM)/(free DOX intensity) 100}

Figure 9. Cellular uptake of free DOX (a, b) and DOX-loaded GPNM
hybrid (c, d) by U87MG cells after 6 h of incubation. The images of
live cells were taken in differential interference contrast mode (a, c)
and fluorescence mode (b, d).

Figure 10. Relative cell viability of U87MG cells after 24 h of
incubation with DOX and GPNM-DOX solution with varying
concentration of DOX; error bars are based on three repetitive
measurements.

Figure 11. Fluorescence spectra of free DOX and GPNM-DOX at the
same DOX concentration under 490 nm excitation.
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The loading capacity is determined to be 71, 78, and 83% for
the increase in GPNM concentration from 0.1 to 0.3 mg/mL at
the same DOX concentration.
The release of DOX from GPNM hybrid is carried out by

changing the chemical environment to acidic. For that purpose
the DOX-loaded GPNM (GPNM-DOX1) is incubated at pH 4
buffer solutions, and the released DOX from GPNM surface is
monitored by fluorescence spectroscopy using the supernatant
of GPNM-DOX1 sample at different time intervals after
centrifugation. The release of DOX at different time intervals is
substantiated from the gradual increased fluorescence intensity
of GPNM-DOX1 sample with passage of time (Figure 12 and
Supporting Information, Figure S20) indicating that the release
of DOX from GPNM surface is pH-triggered.

This phenomenon of drug release might be attributed to the
protonation of amino group in the DOX molecule at lower pH,
which renders enhanced hydrophilicity and higher solubility to
DOX, minimizing the hydrogen bonding interaction between
DOX and GPNM surface.67 The aforementioned observations
reveal that DOX is bound to the surface of GPNM at normal
physiological condition but released at lower pH (pH 4) similar
to the microenvironments of extracellular tissues of tumors,
intracellular lysosomes and endosomes, or cancerous tissue.
Thus, this pH-triggered drug release from GPNM hybrid could
be exploited for site-specific drug delivery.
We further loaded practically water-insoluble, nonsteroidal

anti-inflammatory drug IMC on the surface of GPNM hybrid
via noncovalent interaction between IMC and GPNM, thus
improving the stability of the drug in aqueous medium. This
widely used drug has an important role in the treatment of soft-
tissue problems associated with trauma, osteoarthritis, ankylos-
ing spondylitis, rheumatoid arthritis, and acute gouty arthritis
by suppressing prostaglandin synthesis in the tissues via
inhibition of cyclooxygenase activity.68 Poor water solubility
of IMC has restricted its application for oral administration.
To overcome this problem we tried to enhance the water

solubility of IMC using our biocompatible GPNM hybrid. The
loading of IMC on the surface of GPNM hybrid is evident from
the UV−vis spectra (Figure 13). The appearance of character-
istic peak of IMC at 319 nm in all the GPNM-IMC samples
clearly reveals the successful loading of IMC on the surface of
GPNM hybrid.
Further we investigated the pH-dependent release behavior

of IMC using alginate-encapsulated GPNM−IMC beads to
understand the real applicability of our designed system as a
potent carrier of IMC in oral delivery. Since oral delivery must

tolerate both acidic environment in stomach (pH of gastric
juice: 1.2−2) and basic surroundings in intestine (pH of
intestinal juice: 7.4), here we studied the release behavior of the
drug at pH 2 and 7.4 using UV−vis spectroscopy (Figure 14).

It is quite obvious from the UV−vis spectra that drug release at
pH 7.4 is more prominent than at pH 2 due to the higher
solubility of IMC at pH 7.4,69 which permits better diffusion of
the drug from alginate-encapsulated GPNM−IMC beads. This
encapsulation technique using GPNM as a nontoxic material
may allow the oral delivery of IMC while suppressing side
effects such as irritation of gastrointestinal mucosa due to direct
exposure of IMC.68

Moreover IMC can bind with HSA, which is the major
transport protein of the mammalian blood circulation.70 This
phenomenon assisted us in the design of a new biocompatible
material that can serve as a carrier of IMC. Since IMC has
strong affinity to HSA, we thought that our nanocarrier may be
used for the transport of IMC following the releasing ability to
HSA.
The release of IMC from GPNM surface is revealed in Figure

15. Only HSA shows characteristic UV−vis peak at 278 nm
(Figure 15 inset). But, upon release of IMC from GPNM
surface, a new peak at 319 nm appears, which supports the
presence of IMC in the dialysate. Thus, the UV−vis spectra

Figure 12. Release of DOX from GPNM-DOX1 sample at pH 4.

Figure 13. UV−vis absorbance spectra of free IMC in alcohol (inset)
and GPNM-IMC in water at the same GPNM concentration (0.2 mg/
mL) but different IMC concentration (IMC 1 to IMC 5).

Figure 14. pH-dependent release of IMC from alginate-encapsulated
GPNM−IMC beads using UV−vis spectra. (inset) Release profiles at
pH 2 and pH 7.4.
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clearly reveal the potential of our synthesized nanomaterial as a
hydrophobic drug-delivery vehicle.
We also studied the possibility of simultaneous drug delivery

using GPNM nanocarrier though the drugs are used for
different clinical functions. For that purpose, we used the
previously stored GPNM-DOX solution to load the hydro-
phobic drug IMC according to the aforementioned procedure.
The UV−vis spectrum (Supporting Information, Figure S21)
exhibited the characteristic absorbance peaks both of IMC (at
315 nm) and DOX (at 501 nm), suggesting the simultaneous
loading of both of the drugs. For the study of simultaneous
release phenomenon, the dual drug-loaded GPNM solution was
dialyzed against acidic (pH 2) and basic (pH 7.4) medium, and
the release of both the drugs was monitored by taking the
absorbance spectra of the dialysate at different time intervals.
The UV−vis spectra depicted in Figure 16 clearly reveals that

both of the drugs released at pH 2, but at higher pH the release
of IMC is more prominent, and that DOX exhibits a negligible
release (inset, Figure 16). Thus, we believe that our nanocarrier
may be used for simultaneous drug-delivery purposes.

■ CONCLUSIONS

In summary, we have successfully demonstrated a facile, cost-
effective, and efficient approach to graft PNIPAM to GO
surface using a simple in situ FRP technique. The GPNM
hybrid furnishes high dispersibility and stability to graphene
sheets in aqueous as well as cell media. The thermal stability of
GPNM is highly enhanced compared to that of GO. As-
synthesized GPNM hybrids exhibit interesting fluorescence
property in aqueous medium along with a temperature-
dependent fluorescence property with a sudden jump of
fluorescence intensity at 36 °C for the phase separation of
PNIPAM chains above its LCST (32 °C). Furthermore, the
GPNM hybrid displays good biocompatibility and is proven to
be practically nontoxic. Owing to its π−π stacking, H-bonding,
and hydrophobic interactions, GPNM hybrid acquires superior
potential for binding both hydrophilic and hydrophobic
aromatic drugs. The release of the hydrophilic anticancer
drug DOX has been accomplished at pH 4, which is relevant to
the environment of cancer cells. Furthermore, cellular uptake
and MTT-based assay study unveils that the efficiency of drug
is improved after loading. On the other hand, the hydrophobic
drug IMC also exhibits pH-dependent release as well as release
to HSA. Additionally, GPNM is found to be a potential
nanocarrier for simultaneous delivery of both the hydrophilic
and hydrophobic drugs. Thus, the present study reveals that in
view of its excellent properties like high dispersibility,
thermoresponsive fluorescence property, good biocompatibility,
and stability in aqueous solution at physiological condition,
GPNM has great prospects as a promising nanomaterial for a
wide range of biomedical applications such as simultaneous
drug delivery, controlled release, cell imaging, etc.
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Figure 15. Release of indomethacin from GPNM surface monitored
by UV−vis spectra (inset) UV−vis spectrum of HSA.

Figure 16. Simultaneous release of DOX and IMC from GPNM
surface in acidic and basic medium monitored by UV−vis spectra
(inset) Release profiles of DOX and IMC at different pH.
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