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Abstract
pH-responsive nanocarriers were synthesized via polycaprolactone-b-poly(succinyloxyethylmethacrylate) copolymers
grafted onto reduced graphene oxide (rGO-g-PCL-b-PSEMA) for anticancer drug delivery applications. For this propose,
ε-caprolactone monomer was polymerized from –OH groups of rGO with ring-opening polymerization (ROP) to obtain
polycaprolactone grafts (rGO-g-PCL). In the next step, 2-hydroxyethylmethacrylate monomer was polymerized from PCL
end through atom transfer radical polymerization to afford rGO-g-PCL-b-poly(hydroxyethylmethacrylate) (PHEMA). The
pH-responsive rGO-g-PCL-b-PSEMA was obtained by reacting rGO-g-PCL-b-PHEMA with excess succinic anhydride in
pyridine under mild conditions. The pH sensitivity of nanosystems was confirmed via dynamic light scattering at pH values
of 4 and 7.4. Doxorubicin encapsulation efficacy was calculated to be 92%. The effect of pH on release behaviors of rGOg-PCL-b-PSEMA nanocarriers was investigated. The release rates at pH values of 7.4, 5.4 and 4 were about 52.1, 64.2 and
68.63 wt% after 775 min and at 37 °C. The release rate was improved at tumor simulated environment (42 °C and pH ≤ 5.4).
The cytotoxic effects of nanosystems were appraised by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, and the results indicated that novel smart nanosystems were nontoxic to MCF-7 cells and can be applied as anticancer
drug delivery systems.
Keywords Drug delivery · Reduced graphene oxide · PCL · PHEMA · Doxorubicin

Introduction
Smart hydrogels are three-dimensional (3D) networks composed of cross-linked hydrophilic polymer chains that can
dramatically change their volume or other properties in
response to various external stimuli [1] such as temperature
[2], light [3], pH [4], electric field [5] and certain chemicals
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[6]. Due to such stimuli responsiveness, they render substantial potential for many applications like smart sensors/
actuators [7, 8], on/off switches [9, 10], drug delivery vehicles [4, 11], artificial muscles [12, 13], tissue engineering scaffolds [14] and chem/bioseparation platforms [10,
15]. The 2-hydroxyethylmethacrylate (HEMA) is one of
the most important functional methacrylate commercial
monomers because of its hydrophilic nature and hydroxyl
groups [16]. Since Wichterle and Lim [17] reported the use
of poly(hydroxyethylmethacrylate) (PHEMA) hydrogel for
biological applications, several types of novel PHEMAbased polymeric materials have been developed including
the contact lenses, dental fillings, surgical implants, tissue
engineering scaffolds, biosensors, catheters, hemodialysis
membranes, wound dressings, drug delivery agents and
so on [18]. Recently, the development of polymer synthesis techniques enabled the preparation of well-defined
PHEMA-based copolymers with complex architectures and
significantly extended the application PHEMA-based (co)
polymers in novel nanomaterials [19]. The well-defined (co)
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polymers with controlled molecular weight and predesigned
architecture are very important for fundamental research and
commercial applications [20, 21]. Hence, the controlled (co)
polymerization of HEMA via living polymerization techniques has drawn attraction [22]. The development of living
radical polymerization (LRP) techniques over the past decades has allowed for the synthesis of well-structured polymers from a wide variety of functional monomers including
HEMA. The three most effective LRP techniques including
nitroxide-mediated polymerization (NMP), atom transfer
radical polymerization (ATRP) and reversible addition–fragmentation chain transfer (RAFT) polymerization have been
vastly utilized [23]. Compared with few successful preparation methods via NMP and RAFT, the ATRP is one of the
most promising methods for synthesis of well-defined (co)
polymers based on PHEMA [22]. Some novel copolymers
were synthesized by chemoenzymatic approach; subsequently, these polymers were treated to afford amphiphilic
nanoparticles which demonstrated high drug loading capacity and had the potential to encapsulate hydrophobic drugs
[24, 25]. The amphiphilic copolymers with the saturated and
unsaturated aliphatic side chains were also proposed as the
nanocarriers for drug delivery applications [26].
Graphene oxide (GO) is a two-dimensional nanomaterial
prepared from natural graphite and can be exfoliated into
monolayer nanosheets which could be dispersed in water,
because of its hydrophilic oxygen-containing functional
groups [27]. The remarkable properties of GO provide feasibilities for various applications such as biomedical [28],
barrier polymers [29], drug delivery [30] and preparation of
nanocomposites [31]. The surface modification of GO makes
it possible to be utilized as a versatile precursor for a wide
range of polymer grafting reactions. When thermo-responsive polymers are grafted to the surface of GO nanosheets,
the solution stability can be reversibly controlled by stimuli
such as pH and temperature [32, 33]. The GO-based hydrogels were used as biomaterials and stimuli-responsive materials; however, their poor mechanical properties restricted
their applications [34]. The biocompatible GO composite hydrogel was prepared by Hu et al. [35] to deliver the
ophthalmic drugs. The injectable GO/graphene composite
supramolecular hydrogel was also developed for the delivery of anticancer drugs [36]. The aliphatic polyesters such
as polylactones and polycaprolactone are good candidates
because of their excellent biocompatibility, biodegradability
and mechanical properties and also an ability to be dissolved
in common solvents for processing [37, 38]. Polyesters with
tailored structures and characteristics are usually synthesized by ring-opening polymerization (ROP) initiated by an
alcohol or amine with a catalyst [39, 40].
Among various stimuli, the pH is the best and first choice,
mainly owing to its simplicity in needing to just introduce
some acid or base, as well as water solubility and great
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potential in biomedical applications such as drug or gene
release [41, 42]. The physiological pH changes from 1 to
7.5 depend on distinct locations in the body. Thus, ionizable
polymers with a pKa value in the range of 3–10 are potential
candidates for pH-responsive systems. In this respect, the
polymeric compounds possessing the weak acids and bases
groups such as phosphoric acid, carboxylic acids and amines
demonstrate an alteration in the ionization state upon variation in the pH [43–46].
In this paper, the pH-responsive nanosystems were synthesized based on polycaprolactone-b-poly(succinyloxyeth
ylmethacrylate) copolymers grafted onto reduced graphene
oxide (rGO-g-PCL-b-PSEMA) for drug delivery applications. By considering doxorubicin hydrochloride (DOX) as
a drug model, the results confirmed that the pH could affect
the drug release in designed systems. Application of amphiphilic copolymers in the nanocomposite structure based on
graphene derivatives increased the dispersity, and also pH
sensitivity of nanostructure enhanced the efficacy for controlled DOX release.

Experimental
Materials
Graphite, potassium permanganate ( KMnO4), sodium nitrate
(NaNO3), hydrochloric acid (HCl), sulfuric acid (H2SO4)
and sodium borohydride (NaBH4) were purchased from
Merck (Darmstadt, Germany) and used as received. The
ε-caprolactone (ε-CL, 99%) was purchased from Merck
and distilled under reduced pressure over calcium hydride
(CaH2) prior to use. Moreover, tin(II) 2-ethylhexanoate
(Sn(Oct) 2) was prepared from Sigma-Aldrich (USA).
2-Hydroxyethylmethacrylate, (Merck, Darmstadt, Germany)
was dried over calcium hydride, vacuum-distilled and then
stored at − 20 °C prior to use. Copper (I) bromide (CuBr)
was purchased from Sigma-Aldrich and purified by stirring
in acetic acid three times, then washed with ethanol and
dried under vacuum. Pyridine was prepared from SigmaAldrich (USA) and used as received. The α-bromoisobutyryl
bromide (BIBB) and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) belonged to Merck Chemicals. DOX
was purchased from Exir Nano Sina Company (Iran). All
other reagents were purchased from Merck and purified
according to the standard methods.

Reduced graphene oxide grafted with PCL
(rGO‑g‑PCL)
First, rGO was synthesized according to the literature [47]
(Scheme 1). The chemical grafting of PCL onto the rGO
nanosheets was carried out by the grafting-from approach
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Scheme 1  Synthesis of rGO-g-PCL

based on in situ ROP of ε-CL [48]. In a typical experiment,
rGO and ε-CL were added into a Schleich tube to form dispersion solution under sonication at room temperature for
1 h. Subsequently, tin(II) 2-ethylhexanoate and Sn(Oct)2
were added into the reaction tube. The reaction was performed under pure argon within 24 h at 120 °C. After a
desired time, a homogeneous black solid (rGO-g-PCL)
was obtained. The original solid was then dissolved in
tetrahydrofuran (THF) and precipitated in cold methanol
(Scheme 1) [49].

Initiator of functionalized rGO‑g‑PCL nanosheets
(rGO‑g‑PCL‑Br)
The rGO-g-PCL (200 mg) was dispersed in anhydrous
dimethylformamide (DMF) (40 mL) through sonication.
After addition of trimethylamine (2 mL), the suspension was
cooled to 0 °C in an ice bath. The α-bromoisobutyryl bromide (2.46 mL) in 10 mL anhydrous DMF was added dropwise into the reactor under vigorous stirring. The mixture
was stirred at room temperature for 24 h under a nitrogen
atmosphere. The solid was separated by filtration through
centrifugation and washed with an excessive amount of distilled water to remove the salts formed during the reaction.
The crude product was then dispersed in a small amount of
DMF, filtered and then thoroughly washed with DMF and
acetone. The obtained filter cake was dried under vacuum

for 48 h. Scheme 2 illustrates the synthesis of initiator of
functionalized rGO-g-PCL nanosheets.

rGO nanosheets grafted with PCL‑b‑PHEMA brushes
(rGO‑g‑PCL‑b‑PHEMA)
The rGO-g-PCL-Br (200 mg, 0.59 mmol) was dispersed
in DMF/H2O (20 mL) by sonication. The suspension was
transferred into a 100-mL reactor containing CuBr2 (2.7 mg,
0.012 mmol). After adding PMDETA (7.6 μL, 0.036 mmol)
and 2-hydroxyethylmethacrylate (7.01 g, 60 mmol), the mixture was stirred and degassed under nitrogen for 3 h. The
sealed flake was then placed in an oil bath at 65 °C under
constant stirring. The polymerization was stopped after 16 h
by dilution with DMF, and the product was separated by
centrifugation and then washed with DMF to remove any
unattached polymer or unreacted monomer. The filter cake
was redispersed in DMF by sonication and precipitated in
distilled water to remove the Cu/PMDETA complex and
unreacted monomer. The purified product was dried under
vacuum for 48 h. The synthesis of rGO-g-PCL-b-PHEMA
nanohybrids is reported in Scheme 3.

Synthesis of rGO‑g‑PCL‑b‑PSEMA
The rGO-g-PCL-b-PSEMA was synthesized by the esterification of rGO-g-PCL-b-PHEMA through the reaction of
hydroxyl groups of PHEMA segments with excess amount
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Scheme 2  Synthesis of initiator of functionalized rGO-g-PCL nanosheets

Scheme 3  Synthesis of rGO-g-PCL-b-PHEMA

of succinic anhydride. In more details, in a 100-mL reactor, the rGO-g-PCL-b-PHEMA (1.0 g, 0.05 mmol) was
dissolved in anhydrous pyridine (30 mL) at room temperature under argon flow. Succinic anhydride (0.50 g,
5 mmol) was then added, and the reaction was preceded
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at room temperature for about 48 h. The reaction mixture
was precipitated into 100 mL of methanol to remove the
excess succinic anhydride. During precipitation, a part of
succinic anhydride was converted into monomethyl succinate and was not removed. Hence, the precipitate was
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re-dissolved in 10 mL of pyridine and precipitated into
100 mL diethyl ether, which is a better solvent for monomethyl succinate [46] (Scheme 4).

Preparation of doxorubicin hydrochloride
(DOX)‑loaded rGO‑g‑PCL‑b‑PSEMA
The rGO-g-PCL-b-PSEMA nanocarriers (100 mg) and
DOX (10 mg) were dissolved in deionized water (5 mL)
under stirring at room temperature. The content of flask
was sonicated for 15 min and then stirred for 48 h in the
dark at room temperature to reach the maximum loading
content. The DOX-loaded nanocarriers were collected by
centrifugation at 7000 rpm for 15 min. The DOX encapsulation efficiency was determined by ultraviolet–visible
(UV–Vis) spectroscopy at 472 nm and calculated using
Equation (1) [50]:

EE(%) =

(
)
CT − CDOX
CT

× 100

where CT is total DOX concentration for loading and CDOX is
DOX concentration in filtrate solution. The DOX encapsulation efficiency was calculated to be 99.1%.

Evaluation of in vitro pH‑dependent release of DOX
In the in vitro drug release experiment, DOX-loaded nanocarrier (60 mg) was suspended in phosphate-buffered saline
(PBS) with different pH values (7.4, 5.4 and 4), sealed in
a dialysis membrane bag with a molecular cutoff of 1 kDa
and placed in PBS (0.01 mol L−1, 100 mL) at pH values
of 7.4, 5.4 and 4 at 37 °C. A 2 mL of buffer solution was
subsequently collected in different times to investigate with
UV–Vis spectrophotometer at 480 nm. The percentage of
cumulative amount of released DOX was calculated from
the standard calibration curve [50].

Cell culture
The MCF7 cells were cultivated in RPMI1640 having
100 IU penicillin per 100 mg streptomycin and enriched
with 10% (v/v) of fetal bovine serum (FBS). The cells were
cultured into flasks and kept in a humidified incubator with
5% CO2 at 37 °C and the media refreshed twice weekly.

In vitro cytotoxicity assay
The colorimetric assay based on 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) was carried out for evaluation of the cytotoxic effects caused by

Scheme 4  Synthesis of rGO-g-PCL-b-PSEMA
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DOX-loaded nanocomposite versus the free DOX as the
reference. The MCF7 cells were trypsinized, harvested and
seeded in 96-well plates. After overnight incubation, the
cells were treated with different concentrations of nanocomposite, DOX-loaded nanocomposite and free DOX.
The formed formazan crystals were dissolved in dimethyl
sulfoxide (DMSO’), and absorbance was recorded [51, 52].

Characterization
Fourier transform infrared (FT-IR) spectra of the samples
were taken on a Shimadzu 8101 M FT-IR (Shimadzu, Kyoto,
Japan) between the wave numbers of 4000–400 cm−1 at room
temperature. The thermal gravimetric analyses (TGA) were
performed under nitrogen atmosphere at 25–700 °C with
a heating rate of 10 °C min−1. The UV–Vis spectroscopy
was carried out using a Shimadzu 1650 PC UV–Vis spectrophotometer (Shimadzu, Kyoto, Japan) at the wavelength
range of 250–1000 nm. The field emission scanning electron
microscope (FESEM) type 1430 VP (LEO Electron Microscopy Ltd, Cambridge, UK) was utilized to characterize the
surface morphology of prepared samples. The powder sample was spread on a FESEM stub and sputtered with gold
prior to analysis. The X-ray diffraction (XRD) spectra were
collected with a Siemens D 5000, X-ray generator ( CuKα
radiation with λ = 1.5406 Å) with a 2θ scan range of 5–70° at
room temperature. Dynamic light scattering (DLS) measurements were conducted using zeta plus (Brookhaven, USA)
at room temperature. Samples were prepared as 0.5 mg per
mL in distilled deionized water, with the solution pH being
adjusted by adding HCl or NaOH.

Results and discussion
Herein, the pH-responsive rGO nanosheets chemically
grafted with PCL-b-PSEMA (rGO-g-PCL-b-PSEMA)
were designed by ROP and ATRP techniques for reaching
a well-performance in drug delivery. The responsivity has
been recently investigated in biotechnology and nanotechnology applications. In this work, we synthesized a novel
drug nanocarrier for cancer and its structure was confirmed
by FT-IR and TGA, XRD and FESEM. The release of DOX
drug at different pH values and temperatures was also thoroughly investigated.

Characterization of rGO‑g‑PCL‑b‑PSEMA
nanocomposite
rGO‑g‑PCL and rGO‑g‑PCL‑Br via FT‑IR
The energy-dispersive X-ray analysis (EDAXS) of synthesized rGO is depicted in Fig. 1a. Based on EDAXS
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Fig. 1  EDAXS analysis of synthesized rGO (a); FT-IR spectra of
rGO, rGO-g-PCL and rGO-g-PCL-Br (b)

measurements, the ratio of O/C in rGO was equal to 0.15.
The rGO-g-PCL was synthesized by the ROP, and the
hydroxyl end groups in PCL were further reacted with
α-bromoisobutyryl bromide to afford the functionalized
rGO-g-PCL nanosheets. FT-IR spectra of rGO, rGO-g-PCL
and rGO-g-PCL-Br are shown in Fig. 1b. FT-IR spectrum
of rGO demonstrated the appearance of stretching vibrations of aliphatic and aromatic C–H at 2800–3100 cm−1 and
–OH stretching vibration at 3400 cm−1. Furthermore, the
intensity of the hydroxyl stretching vibration conspicuously
increased and most of the carbonyl and epoxy groups were
removed. In comparison with FT-IR spectrum of rGO, the
most significant change in FT-IR spectrum of rGO-g-PCL
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was the detection of stretching vibration of carbonyl group at
1716 cm−1. The intensity of the hydroxyl stretching vibration
also decreased, demonstrating the synthesis of rGO-g-PCL.
After addition of ATRP reagent, the disappearance of –OH
groups due to PCL and appearance of stretching vibration
at 732 cm−1 because of Br proved the synthesis of rGOg-PCL-Br (Fig. 1b).
rGO‑g‑PCL‑b‑PHEMA and rGO‑g‑PCL‑b‑PSEMA via FT‑IR
After polymerization of HEMA, the characteristic peak at
3448 cm−1, related to –OH groups, became broader and
stronger due to the existence of hydroxyl groups in the structure of PHEMA (Fig. 2). FT-IR spectra of rGO-g-PCL-bPHEMA and rGO-g-PCL-b-PSEMA nanohybrids are represented in Fig. 2. In addition, the stretching vibration of
carbonyl groups of HEMA at 1712 cm−1 demonstrated the
attachment of PHEMA onto rGO-g-PCL. After esterification
of rGO-g-PCL-b-PHEMA with the succinic anhydride, the
most significant alterations in the FT-IR spectrum were the
disappearance of hydroxyl stretching vibration at 3448 cm−1
and appearance of new band at 3315 cm−1 related to the
hydroxyl group of carboxylic acid [46].
Thermogravimetric analyses (TGA)
The composition of polymer brushes on the rGO nanosheets
was investigated through TGA curves. As illustrated in
Fig. 3, the rGO was thermally unstable and some mass
losses were detected around 150 °C due to the presence

Fig. 2  FT-IR spectra of rGO-g-PCL-b-PHEMA and rGO-g-PCL-bPSEMA

Fig. 3  TGA curves of rGO (blue), rGO-g-PCL (red), rGO-g-PCL-Br
(dark blue) and rGO-g-PCL-b-PHEMA (violet); DOX-loaded rGO-gPCL-b-PHEMA (green)

of water molecules. It also depicted a sharp weight loss of
30% between 150 and 700 °C, which was ascribed to the
decomposition of oxygen functional groups [53]. However,
there were two clearly separated weight loss stages at about
200 °C and in the range of 200–370 °C for rGO-g-PCL,
corresponding to the loss of oxygen-containing functional
groups on rGO and grafted PCL chains, respectively. The
weight loss of rGO-g-PCL continued after 370 °C but with
a lower rate, may be assigned to the degradation of rGO or
other impurities (Fig. 3). By comparing the residue of rGO
(70%) and rGO-g-PCL (55%), the grafting percentage of

Fig. 4  XRD patterns of rGO (first spectrum from bottom), rGO-gPCL (second spectrum from bottom), rGO-g-PCL-b-PHEMA (third
spectrum from bottom) and DOX-loaded rGO-g-PCL-b-PHEMA
(fourth spectrum from bottom)
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Fig. 5  FESEM of rGO (a),
rGO-g-PCL (b), rGO-g-PCL-Br
(c), rGO-g-PCL-b-PHEMA (d)
and rGO-g-PCL-b-PSEMA (e).
The scale bars are 1 µm

Fig. 6  DLS diagrams of rGO-g-PCL-b-PSEMA nanocomposite at
pH 4 (right curve), pH 5.4 (middle curve) and pH 7.4 (left curve)
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PCL onto the rGO nanosheets was around 15%. The rGOg-PCL-Br initiator exhibited a continuous weight loss until
700 °C due to the cleavage of the initiator moiety, followed
by further weight loss up to about 55% due to decomposition of rGO, PCL and initiator moiety. After ATRP polymerization of HEMA, the rGO-g-PCL-b-PHEMA sample
showed a relatively large mass loss of nearly 85% between
240–360 °C, which could be related to the decomposition
of PCL, PHEMA and rGO. The mass loss increased to 95
wt% within 700 °C with a lower decomposition rate. Due to
low solubility of prepared samples on the basis of graphenic
materials and polymers, 1HNMR and gel permeation chromatography (GPC) measurements were not feasible. Instead,
the grafting density and block ratio were calculated using
the TGA analysis (Fig. 3). The grafting percentages of PCL
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Fig. 7  FESEM of DOX-loaded rGO-g-PCL-b-PHEMA (a) and nanocomposite after MTT assay (b)

Table 1  Zeta potential of DOXloaded nanocomposite

pH

Zeta
potential
(mV)

4
7.4
9

− 4.10
− 18.8
− 22.7

and PHEMA polymers were 15 and 49%, respectively. The
portion of PHEMA was about threefold of PCL segments.
X‑ray diffraction study
Figure 4 displays the XRD patterns of rGO, rGO-g-PCL and
rGO-g-PCL-b-PHEMA nanosheets. The broad amorphous
peak at 2θ = 24° was assigned to rGO [Fig. 4 (first spectrum from bottom)]. As depicted in Fig. 4 (second spectrum

Fig. 8  In vitro release profiles of DOX from DOX-loaded rGO-gPCL-b-PSEMA at various pH values at 37 °C (a); 42 °C (b)

from bottom), the sharp and intensified peaks of 21.4 and
23.8° verified the crystallization of PCL grafts onto the rGO
nanosheets. In the presence of PHEMA, the intensity of
identifying peaks for the PCL decreased and also these peaks
were shifted to the lower 2θ values [Fig. 4 (third spectrum
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from bottom)]. Furthermore, an amorphous hill was detected
at 14° for the PHEMA segments.
Morphology study
Figure 5 illustrates FESEM images of rGO, rGO-g-PCL,
rGO-g-PCL-Br, rGO-g-PCL-b-PHEMA and rGO-g-PCLb-PSEMA samples. The rGO nanosheets resembled the thin
petals with a typical lamella structure (Fig. 5a). In rGO-gPCL (Fig. 5b), a continuously coated structure was observed
clearly. Furthermore, the morphology of rGO-g-PCL-Br
(Fig. 5c) was different from rGO-g-PCL one because of
functionalization. The morphology of rGO-g-PCL-bPHEMA and rGO-g-PCL-b-PSEMA is also displayed in
Fig. 5d, e, respectively. As seen in Fig. 5d, a flake-like morphology was achieved for rGO-g-PCL-b-PHEMA and after
the succination, the morphology changed (Fig. 5e).
DLS measurements
The pH response of rGO-g-PCL-b-PSEMA was investigated
by DLS measurements. The carboxylic acids on PSEMA
could form a hydrogen bonding [54, 55]. At pH 4, the diameters of micelles were approximately 906 nm. The size of
these aggregates decreased to 399 nm at pH 7.4 (25 °C).
Parallel with increasing the pH, disappearance of the hydrogen bonding occurred due to ionization of the carboxylic
acid groups. DLS diagrams of the rGO-g-PCL-b-PSEMA
at various pH values are reported in Fig. 6.
In vitro DOX release behavior
FESEM image of DOX-loaded nanocomposite is illustrated in Fig. 7a. The accumulated particles on the nanocomposite in FESEM image of Fig. 7a could be correlated
with the DOX loading. Table 1 reports the zeta potential

of DOX-loaded nanocomposite. By enhancing the pH, the
negative charge of DOX-loaded nanocomposite increased,
which could be assigned to the deprotonation of carboxylic
acid groups. However, at acidic pH, the negative charge was
decreasing. The in vitro DOX release from polymer–DOX
nanocomposite was pH-responsive process, where the protonation of carboxyl groups in mildly acidic conditions
resulted in a faster dissociation of copolymer–DOX complex, leading to increased release of DOX at low pH values.
The release of DOX from the nanocomposite was measured at 37 °C (below lower critical solution temperature)
(LCST)). The release rate was different in buffer solution.
The copolymer–DOX nanocomposite in buffer solution
(37 °C) at pH of 7.4 was quite stable and delayed the release
of loaded drug. At the pH of 5.4, an accelerated release of
DOX was detected. At lower pH (= 4), the protonation of
PSEMA block, due to less repulsion between adjacent carboxylic acid groups, further accelerated the drug release
(Fig. 8a). The release rates at pH values of 7.4, 5.4 and 4 at
37 °C were about 52.15, 64.20 and 68.63 wt%, after 775 min
(Fig. 8a). Likewise, the release rates at pH values of 7.4, 5.4
and 4 at 42 °C were about 52.70, 57.20 and 63.30 wt%, after
775 min (Fig. 8b). Moreover, TGA results demonstrated that
the DOX-loaded nanocomposite was more stable compared
with the pristine nanocomposite. The residue at 700 °C
increased from 7 to 18% via DOX loading onto the prepared
rGO-g-PCL-b-PHEMA nanocomposite (Fig. 3). As represented in Fig. 4(fourth spectrum from bottom), the crystalline peaks of 32, 45 and 57° were detected for the DOXloaded rGO-g-PCL-b-PHEMA. These peaks were related
to the crystalline state of DOX in the nanocomposite [56].
Some hydrophilic polymers such as poly(2-methacryloyloxyethyl phosphorylcholine) [57], poly(acrylic acid) [58],
poly(methacrylic acid) [59] and PHEMA [60, 61] have been
used as hydrophilic segments in amphiphilic PCL-based systems. Among them, PHEMA is an important polymer with

Fig. 9  Expansion factor of (a) DOX and rGO-g-PCL-b-PSEMA + DOX as well as (b) MCF-7 cell line and rGO-g-PCL-b-PSEMA + cell
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Fig. 10  Cytotoxicity assay
results of rGO-g-PCL-bPSEMA nanocomposites, DOXloaded rGO-g-PCL-b-PSEMA
and free DOX with different
concentrations (25, 50, 100,
200, 400 and 600 µg mL−1) in
time periods of 24 h (a), 48 h
(b) and 72 h (c) against MCF-7
cell line
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respect to biomedical applications. The PHEMA has a side
terminal hydroxyl in each unit, which enables the PHEMA
to be used not only as a hydrophilic segment but also have
linking sites with targeting molecules or drug molecules.
In fact, the conversion of –OH groups to –COOH ones in
our research work reflected a better interaction between
nanocarriers and DOX drug. Recently, graphene and GO
have attracted significant interest in the biomedical research
because of their single atomic-layered structure and chemical properties [62, 63]. Functionalized graphene and GO
have improved the drugs solubility, to extend their half-life,
and to reduce their side effects [64]. By regarding the represented discussions, the graphenic materials with the large
ratio of surface to volume and nanoscale dimension, and
also ease of their functionalization with various polymers,
increase the drug loading content. In PCL/PHEMA-based
systems [62–64] without any graphenic materials, the maximum drug loading was 75%. However, in our work, this
content reached 92%. On the other hand, in the mentioned
researches [62–64], the drug release rate was higher than
our work; therefore, the presence of rGO in the composition
could increase the drug loading and decrease the release
rate.
In vitro cytotoxicity effect
The expansion factor and in vitro cytotoxicity are reported in
Figs. 9 and 10, respectively. The expansion factors of rGOg-PCL-b-PSEMA + DOX and rGO-g-PCL-b-PSEMA + cell
were higher than DOX and MCF-7 cell line, respectively.
In vitro cytotoxicity effects of the synthesized rGO-g-PCLb-PSEMA nanocomposites and DOX-loaded rGO-g-PCLb-PSEMA were studied using MTT assay against MCF-7
cells. The DOX-loaded rGO-g-PCL-b-PSEMA at high
concentration of nanocomposites (600 µg mL−1) had biocompatible properties and therefore could be selected as an
anticancer candidate for the nanomedicinal performances.
Via further drug release and death of MCF-7 cells, the pH
values increased; thus, the release content decreased parallel
with the time elapsing (Fig. 10a–c). Based on DOX release
and delivery strategies, the content of cell survivance was
higher for the DOX-loaded rGO-g-PCL-b-PSEMA systems
compared to the free DOX systems in the in vitro environments. Figure 7b depicts FESEM image of nanocomposite
after MTT assay.

Conclusions
The rGO-g-PCL was synthesized through ROP of
ε-caprolactone with rGO as an initiator. In the next step,
to prepare the rGO-g-PCL-b-PHEMA, the HEMA was
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polymerized from –OH groups of PCL via ATRP. Subsequently, the –OH groups of PHEMA were converted to
–COOH groups in the presence of succinic anhydride to
reach rGO-g-PCL-b-PSEMA. The pH-responsive nanosystems were investigated for doxorubicin delivery applications as a drug model. The release behavior was pH responsive, and at pH values of 7.4, 5.4 and 4, the percentages
of 52.15–52.70, 57.20–64.20 and 63.30–68.63 wt% were
achieved after 775 min.
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