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Introduction
Pharmaceutical nanotechnology is interested in 
formulation of therapeutics agents with desired 
nanoplatforms such as nanoparticles, micelles, 
nanocapsules, hydrogels and nanoconjugates.1 Recently, 
innovative vectors as sustained drug delivery systems 
(DDSs), have been attracted the most attention for 
disease treatment.2 Hydrogels as hydrophilic and three 
dimensional polymeric networks offer widespread 
application in drug delivery, tissue engineering, cell therapy 
and regenerative medicine.3-6 The affinity of hydrogels 
for water absorbing is due to the existence of hydrophilic 

functional groups (e.g., –OH, –CONH–, –CONH2, 
and –SO3H) in their structures.4 The biodegradable 
hydrogels have been developed as novel DDSs; because 
they are biocompatible and could be conjugated to 
specific factors.7,8 Thermo-responsive hydrogels are 
approximately the most investigated responsive hydrogel 
systems due to their unique characteristics for controlled 
DDSs.9 Poly(N-isopropylacrylamide) (PNIPAAm) 
as a widely used thermo-sensitive hydrogel, shows a 
reversible phase transition temperature around 32°C 
which is around the body temperature.10 However, the 
slow response of conventional PNIPAAm gels, as well as 
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Abstract
Introduction: Stimuli-responsive hydrogels, 
which indicate a significant response to the 
environmental change (e.g., pH, temperature, 
light, …), have potential applications for 
tissue engineering, drug delivery systems, cell 
therapy, artificial muscles, biosensors, etc. 
Among the temperature-responsive materials, 
poly (N-isopropylacrylamide) (PNIPAAm) 
based hydrogels have been widely developed 
and their properties can be easily tailored by 
manipulating the properties of the hydrogel 
and the composite material. Graphene oxide (GO), as a multifunctional and biocompatible 
nanosheet, can efficiently improve the mechanical strength and response rate of PNIPAAm-
based hydrogels. Here, hydrogel composites (HCs) of PNIPAAm with GO was developed using 
the modified starch as a biodegradable cross-linker.
Methods: Micro/nanohydrogel composites were synthesized by free radical polymerization of 
NIPAAm in the suspension of different feed ratio of GO using maleate-modified starch (St-
MA) as cross-linker and Tetrakis (hydroxymethyl) phosphonium chloride (THPC) as a strong 
oxygen scavenger. The HCs were characterized by FT-IR, DSC, TGA, SEM, and DLS. Also, the 
phase transition, swelling/deswelling behavior, hemocompatibility and biocompatibility of the 
synthesized HCs were investigated.
Results: The thermal stability, phase transition temperature and internal network crosslinking 
of HCs increases with increasing of the GO feed ratio. Also, the swelling/deswelling, hemolysis, 
and MTT assays studies confirmed that the HCs are a fast response, hemocompatible and 
biocompatible materials.
Conclusion: The employed facile approach for the synthesis of HCs yields an intelligent material 
with great potential for biomedical applications.
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stirred. Then, 25 mL of NaOH solution (2.0 M) was added. 
After complete dissolution, it was changed to a yellowish 
solution and then, MA (7.4 g) was added. The obtained 
mixture was stirred at 100°C within 4 hours. After that, 
the mixture was cooled down to room temperature, 
and soluble products were precipitated by ethanol. The 
precipitation was obtained by filtration, and washed (3×) 
with ethanol to eliminate the unreacted MA and finally, 
was dried at 60°C in a vacuum oven to get St-MA. After 
modification, St-MA could be dissolved simply in water. 

Oxidation of graphite by modified Hummer method
GO was synthesized from natural graphite via modified 
Hummers' method.28 Briefly, the mixture of 240 mL of 
H2SO4 and 26.7 mL of H3PO4 were stirred in an ice bath. 
Then, natural graphite (2 g) was added to the mixture 
and stirred while KMnO4 (12 g) was slowly added. The 
temperature was adjusted at 50°C in oil bath and stirred 
within 12 hours at this temperature. In this step, the 
mixture color changed from black to gray. After that, 
the solution was cooled down to room temperature and 
diluted with distilled water (250 mL) and then 5 mL of 
hydrogen peroxide (30 wt%) was added. The mixture 
was filtered and washed with HCl aqueous solution and 
subsequently with distilled water until the suspension 
reached to neutral pH. Finally, the suspension was vacuum 
dried at 60°C for 12 h hours to obtain GO powder. 

Synthesis of thermoresponsive PNIPAAm/St-MA/GO HC
HCs of PNIPAAm/St-MA/GO were synthesized by the 
free radical polymerization at high temperatures. The 
designated amount of GO was dispersed in distilled water 
(8 mL) with blending by ultrasonic waves for 60 minutes. 
The required amounts of NIPAAm and St-MA were 
added to the GO suspension. The mixture was blended 
for 60 minutes under argon gas and heated to achieve 
60°C. Then, 0.5 mL of THPC as oxygen scavenger was 
added to the flask to remove oxygen in the balloon. At 
this stage, hydrogen peroxide, as an initiator, was added 
to initiate the polymerization reaction under argon gas 
at 60°C for 6 hours and subsequently, cooled down to 
room temperature and then washed with distilled water 
to eliminate the unreacted monomers. The as-prepared 
HCs were dried in a vacuum oven at 50°C. To evaluate the 
impact of GO on the properties of the synthesized HCs, 
the different feed ratios of GO was examined which is 
presented in Table 1.

Characterization by FT-IR
The FT-IR spectra of GO, St-MA and HCs were recorded 
on a Tensor 27 spectrometer (Bruker Optik GmbH, 
Ettlingen, Germany) at room temperature using KBr 
pellets.

1H NMR spectroscopy
The 1H NMR spectrum was recorded at 25°C by 400 MHz 
NMR spectrometer (Bruker Optik GmbH, Ettlingen, 

low mechanical strength and biocompatibility, restrict 
their applications.11,12 Decreasing the size of hydrogels to 
nanohydrogels can be considered the effective route to 
gain hydrogels with fast response manner. Utilizing the 
chemical crosslinking agents is necessary for the synthesis 
of hydrogels. However, these agents are toxic materials 
which must be eliminated from their structure before 
they can be utilized.13 Hence, the hydrogels of PNIPAAm 
have been modified to be more applicable materials via 
consolidating other appropriate materials to improve 
mechanical properties, biocompatibility and nontoxicity.14 
Polysaccharides as components of biodegradable and 
biocompatible DDSs have been received considerable 
attention; because they can be produced through well-
defined and reproducible method from the natural 
sources.15-18 Graphene, as an emerging 2D nanocarbon 
material, has specific optical, thermal, electronic and 
mechanical properties which make it suitable for 
diverse applications (e.g., nanoelectronic devices, 
nanocomposites, and sensors).19 Graphene oxide (GO) is 
a graphene with various carboxylic, epoxy and hydroxyl 
groups, which has high surface activity and processability 
for covalent and non-covalent conjugations.20-22 The 
functionalized GO with various biocompatible polymers 
(e.g., polyethylene glycol, poly(vinyl alcohol), PNIPAAm, 
and chitosan) has many applications such as decoration 
of DNA, wound healing, gene delivery, bioimaging, 
tissue engineering, photothermal therapy and delivery 
of tumor drugs.23-26 The GO/PNIPAAm interpenetrating 
(IPN) hydrogel has been previously produced via covalent 
cross-linking of GO sheets with PNIPAAm copolymer 
in water by the reaction between epichlorohydrin (ECH) 
and carboxylic groups as dual thermo- and pH-sensitive 
IPN hydrogel.27 Here, a new approach is developed for the 
synthesis of thermoresponsive GO hydrogel composites 
(HCs) using free radical polymerization of the NIPAAm 
in the matrix of GO/modified starch with different feed 
ratios. The modified starch is used as non-toxic cross-
linker and oxygen scavenger is applied to increase the 
efficacy of the polymerization. The physico-chemical 
properties, swelling/deswelling behavior, hemo- and in 
vitro biocompatibilities are investigated.

Materials and methods
Materials
Graphite powder, cornstarch, maleic anhydride (MA) 
and tetrakis (hydroxymethyl) phosphonium chloride 
were supplied from Merck (Kenilworth, NJ, USA). 
N-Isopropylacrylamide (NIPAAm) was used as received 
by Acros Organics (Morris Plains, NJ). Other materials 
and solvents with analytical grade were utilized as received.

Synthesis of modified starch by maleic anhydride 
Maleate-modified starch (St-MA) was synthesized by 
esterification of hydroxyl groups of starch with MA in a 
similar method as described previously.28 Therefore, corn 
starch (8 g) was added into 50 mL deionized water and 
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Germany). The sample was dissolved in D2O. 

Scanning electron microscope 
Scanning electron micrographs were taken by LEO 1430 
VP SEM (Carl Zeiss, Germany). To keep the pores of HCs 
intact for imaging, the HC samples were left in liquid 
nitrogen and then were broken. To record the micrographs, 
the samples of equal thickness were gold-coated.

Differential scanning calorimetry
The differential scanning calorimetry (DSC) estimations 
were derived using a Linseis DSC-PT10 (Germany) 
instrument. DSC measurements were performed to obtain 
information about the glass transition temperature. The 
samples were weighed (5-10 mg) and scanned between 
10°C and 240°C, by the heating rate of 20°C/min and 
cooling rate of 10°C/min, under nitrogen gas. 

Dynamic light scattering measurement
Dynamic light scattering (DLS) was used to define 
the particle size distribution of the prepared HCs in an 
aqueous medium. For measurement, HCs (1 mg/mL) 
were swelled and then were sonicated for 3 minutes. The 
DLS measurements were done at 25°C by using a DLS 
instrument, Zetasizer Nano ZS (Malvern Instruments Ltd., 
Malvern, UK) equipped with an argon laser operating at 
632.8 nm at 90°.

The LCST determination of HCs
The lower critical solution temperature (LCST) of HCs 
were determined by UV-visible spectrophotometer, 
Agilent Cary-100 UV-Vis (Agilent, Santa Clara, CA, USA) 
at wavelength 541 nm in phosphate-buffered saline (PBS) 
with pH = 7.4. The samples of HCs, with a concentration 
of 1 mg/mL, were well dispersed by sonication before 
the measurement. The temperature of the solution was 
set from 25 to 50°C and sample cell was thermostated 
in a water bath at different temperatures prior to the 
measurements. The LCST of the HCs was determined 
when optical absorbance increased around 50% of initial 
absorbance.29

Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) of dried hydrogel 
samples was done using LINSEIS L81A1750 (Germany) 
with the heating rate of 10°C /min from 25°C to 700°C 
under a nitrogen flow.

Swelling/deswelling kinetics
The swelling measurement of HCs was performed 

gravimetrically. Therefore, the pre-weighted HCs were 
submerged in distilled water at room temperature. The 
excess surface water was removed by filter paper, and the 
weight of the swollen sample was measured at different 
time periods. The swelling ratio (SR %) of HCs was 
obtained via the following equation:

( )(%) 100s d

d

W WSR
W

 −
= × 
 

where Ws indicates the weight of the swollen HCs 
at a predetermined time, and Wd shows the dried 
weight of samples. The deswelling kinetics of the HCs 
was accompanied gravimetrically using the weight 
measurement of water in HCs at specific time intervals 
(Wt) after the swollen hydrogel at 6°C was rapidly 
transferred to the water at 45°C. The water retention (WR) 
was calculated by the following equation:
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In vitro cytotoxicity study
In vitro cytotoxicity of the HCs was evaluated by the 
MTT assay. In summary, A549 cells were seeded in a 96-
well plate in RPMI 1640 medium. After the incubation 
for overnight, cells were treated with HCs at different 
concentrations (10, 20, 30, 50 and 100 ppm) for 24, 48 
and 72 hours. At designated time points, the media were 
removed and 50 μL MTT solution (2 mg/mL) plus 150 μL 
of media were added to each well. The cell viability was 
measured by reading the absorbance of each well at 570 
nm by using a microplate reader (Elx808, Biotek, USA) 
after 5 minutes of shaking. The cell viability was calculated 
by reading the absorbance for the treated cells as compared 
to the un-treated control cells.

Hemolysis assay
Hemolysis assay was performed by fresh human blood. The 
solutions of HCs with different concentrations (10, 30, 50, 
100 and 500 ppm) were prepared in PBS (pH = 7.4). Then, 
750 μL blood was added to 750 μL sample solutions, and 
the resulting mixtures were incubated for 3 hours at 37°C 
in an incubator. After centrifugation at 2000 rpm for 15 
minutes, the absorbance of the supernatant was measured 
by UV–vis at 541 nm. The PBS and distilled water was 
used as negative and positive control, respectively.30

Statistical analysis
The results were expressed as the mean vales ± standard 
deviation (SD) and analyzed using Student’s t test. Values 
of P ≤ 0.05 was considered statistically significant.

Table 1. The feed composition ratios of the synthesized hydrogel composites 

HCs NIPAAm (mg) St-MA (mg) Oxygen scavenger (mL) H2O2 (mL) GO (mg) GO ( wt%)

HC1 0.675 0.1 0.5 0.2 0.0270 3.36
HC2 0.675 0.1 0.5 0.2 0.0337 4.16
HC3 0.675 0.1 0.5 0.2 0.0504 6.1
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Results 
FT-IR Spectra
The FT-IR spectroscopy analysis was performed to evaluate 
the structure and functional groups of the GO, St-MA and 
HCs to indicate the existence of characteristic functional 
groups of each component as shown in Fig. 1. The GO 
sheet showed apparent adsorption peaks for the carboxyl 
C=O (1735 cm−1), aromatic C=C (1638 cm−1), epoxy C–O 
(1237 cm−1), alkoxy C–O (1054 cm−1), and hydroxyl –OH 
(3430 cm−1) groups. The presentation of functional groups 
including oxygen, such as C=O and C–O, confirmed that 
the graphite is oxidized into GO and it is according to 
literature.26, 31, 32 The presentation of C=C groups exhibited 
that, by oxidation of graphite into GO, the main structure 
of graphite layer was still reserved. The results of FT-IR 
synthesis demonstrated the successful synthesis of GO 
sheet.33,34 The St-MA exhibits an absorption peak at 1729 
cm–1, which could be assigned to the carbonyl group of 
maleate moiety in the modified starch. The absorption 
band at 1641 cm-1 is due to the (C=C) bond and non-
symmetric deformation of the carboxylate groups of the 
maleate.33,34 The (C–O) bond stretching of starch were 
observed at 1100-931 cm–1. The absorption peak at 2936 
cm–1 is related to the (C–H) bond. The (O–H) stretching 
indicated a broadband from 3100 to 3500 cm–1. Also, 1H 
NMR spectrum of St-MA is shown in Fig. 2 to further 
confirm the structure of St-MA. The starch typical peaks 
of glucose ring protons (Hb–Hf) observed at 3.5–3.8 ppm. 
The Ha protons (proton of anomeric carbon) appeared 
at 5.2 ppm.35 The protons of vinyl groups of maleate 
appear around 5.8 ppm which indicates that the starch 
was successfully functionalized with MA.36 In the FT-IR 
spectrum of HCs, some characteristics peaks of GO and 
St-MA are overlapped with PNIPAAm peaks, however, 
new amide I (C=O stretching) and amide II (N–H 

bending) due to the amide group of PNIPAAm moiety 
are observed at 1649 cm–1 and 1544 cm–1, respectively. The 
(N–H) group of PNIPAAm, (O–H) groups in the starch 
and GO main structure indicated strong absorption at 
3450 cm–1.

TGA and DSC investigation
The TGA was applied as a technique to define the 
composition and thermal stability of the as-prepared 
HC1-3. The major weight loss of GO occurs near to 
200°C, which is due to the pyrolysis of labile oxygen-
containing groups.26 PNIPAAm exhibits one-stage 
degradation behavior at 400°C, and starch has maximum 
weight loss around 250-300°C.37 The TGA and derivative 
TGA (DTGA) curves are shown in Fig. 3 for the HC1-3. 
The decomposition temperature of HC1-3 is 328, 332 and 
347°C, respectively; which shows a slight increase with 
increasing of GO amount. The results indicated that GO, 
starch and PNIPAAm were incorporated in the composite 
structure and the interaction between GO with PNIPAAm 
and starch improved the thermal stability of the final 
composite.

The glass transition temperature (Tg) of the prepared 
HCs were evaluated by DSC. As shown in Fig. 3(c), Tg is 
132, 133 and 142°C for the synthesized HC1, HC2 and 
HC3, respectively. It is reported that Tg of PNIPAAm 
hydrogel is about 131.4°C. However, for the synthesized 
HC3, Tg is increased about 10°C which could be due to 
the increase of polymer chain interactions with each 
other and/or with hydrophilic groups of GO sheets and 
St-MA. St-MA can act as a chemical cross-linker and 
cause the strong interaction between polymer chains.38 
As shown in Fig. 3(c), differences in Tg of prepared HCs 
also could be due to the different weight percent of GO 
in the synthesized samples. The weight percent of GO in 
HC1, HC2 and HC3 are 3.36, 4.16 and 6.1 %, respectively. 
This confirms that at the same concentration of NIPAAm 
and St-MA, the endothermic peak corresponding to Tg 
shifts towards higher temperature with increasing the Fig. 1. FT-IR spectra of GO, St-MA, HC.

Fig. 2. 1H NMR spectrum of St-MA in D2O.
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GO amount; which demonstrates that the higher GO 
concentration leads to more compact and cross-linked 
structure.

Size distributions of the hydrogel composites 
Considering the GO unique 2D shape and ultra-small size 
as a graphitic nanocarrier,27 HCs were produced by the 
polymerization of NIPAAm and St-MA in the presence 
of GO. The DLS method was applied to measure the 
size distribution and zeta potential of the prepared HCs 
solution at 25°C. As shown in Fig. 4(a, b), HC1 indicated 
the average size about 162 nm with the zeta potential of 
– 3.96 mV, which confirms that it has a slightly negative 
surface charge, maybe due to the free carboxylic groups on 
the surface of GO. The zeta potential 60-70 mV (negative) 
has been reported for the GO.39 With considering the 

amount of GO in the prepared HCs in comparison with 
NIPAAm and St-MA, the obtained zeta potential could be 
reasonable. As indicated in Fig. 4(c, d), HC2 and HC3 are 
in microscale and it could be concluded that the higher 
amount of GO leads to the more compact and cross-
linked structure which are unable to well dispersed in 
aqueous solution.

Thermosensitive behavior of HCs
The phase transition behavior of HCs in PBS (pH= 7.4) 
was investigated by determining the optical absorbance at 
541 nm in the range of 25-37°C and LCST was determined 
as a temperature when absorbance was increased 50% 
from the initial. Fig. 5 represents the change of absorbance 
upon temperature for HC1-3 with the concentration of 
1 mg/mL. As shown in Fig. 5, HCs indicated the LCST 
around 33°C.

Swelling/deswelling behavior of HCs
Swelling behavior of hydrogels is their most important 
property and usually is measured by gravimetric 
measurements of water uptake. Fig. 6(a) shows the swelling 
kinetics of HCs at room temperature in distilled water. As 
indicated in Fig. 6(a), the synthesized HCs exhibited fast 
water absorption and high swelling degree.

Fig. 6(b) depicts the deswelling kinetics of HCs at 45°C 
changing with time. It is obvious that the prepared HCs 
indicated similar deswelling behavior. They have fast 

Fig. 3. (a) TGA and (b) DTGA thermograms of HCs1-3; (c) DSC 
curves of HCs1-3.

Fig. 4.  (a) Size distribution and (b) zeta potential of HC1; (c), (d) 
size distribution of HC2 and HC3, respectively. 
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deswelling rate and could get to a half deswelling degree 
within 15 min. The swelling/deswelling results suggested 
that the prepared HCs are temperature responsive with 
fast response rate.

Internal network structure of hydrogel composites
Fig. 7 indicates SEM images of HCs prepared with 
different GO content. As indicated, the samples have a 
porous structure and the internal network structure of 
HCs could be affected by GO incorporation. The increase 
of GO loading leads to an increase of HCs’s network 
density, while the size of pores decreases. Due to the 
less crosslinked structure of HC1 in comparison with 

Fig. 5. LCST analysis of HCs in PBS (pH= 7.4) against temperature 
changes by UV-vis at 541 nm with concentration of 1 (mg/mL).

Fig. 6. (a) Swelling and (b) deswelling kinetics of HC1-3 in distilled 
water.

HC2 and HC3, HC1 could be dispersed well in water in 
DLS measurement. On the other hand, the SEM analysis 
was performed in the dried state in which HC1 may be 
aggregated. 

Cytotoxicity Study
The biocompatibility of vehicles as DDSs is an important 
factor for their applications. The cytotoxicity of HC1 was 
evaluated on A549 cells. Fig. 8 shows the viability of the 
A549 cells against different concentrations of HC1 after 
incubation for 24, 48, and 72 hours. As indicated, the 
samples show not significant toxicity, which suggests that 
the prepared HCs are biocompatible and applicable for 
DDSs.

Hemolytic properties of the synthesized HCs
For in vivo application of NPs, they should not damage 
the blood constituents.40 Therefore, hemolysis test was 
performed as a standard method to evaluate the compatibly 
of synthesized HCs with the blood component. The 
different concentration of HC1 in PBS was exposed to the  
whole blood. Distilled water and PBS with pH = 7.4 were 
applied as a positive and negative control, respectively. Fig. 
9 (a) shows the optical photograph of the supernatants after 
the samples were centrifuged and Fig. 9 (b) indicates UV-
vis quantification of hemolysis. The results demonstrate 
that a negligible hemolysis (less than 5%) was observed for 
HC1 solutions with a concentration of 10-500 ppm after 3 
hours incubation with blood. The obtained results suggest 
that the prepared HCs are hemocompatible which make 
them suitable for biomedical applications.

Discussion
The performance of PNIPAAm hydrogel as intelligent 
material could be improved using GO.41 In this work, 
PNIPAAm/GO HCs were synthesized by a different 
cross-linker agent. Therefore, GO was synthesized using 
a modified Hummers’ method and then starch-maleate 
(St-MA) was produced by the esterification of starch with 
maleic anhydride. The St-MA with double bonds can act 
as a biodegradable cross-linker agent, and make possible 
the polymerization of other monomers and cross-linking 
to produce HCs. The HCs were prepared via NIPAAm 
polymerization in the matrix of GO/St-MA by the free 
radical polymerization using H2O2 as an initiator and 
THPC as an oxygen scavenger. The obtained experimental 
results confirmed that HCs could not be formed in 
the absence of THPC at 60°C. The molecular oxygen is 
an effective inhibitor for free radical polymerization; 
therefore, in the presence of THPC antioxidant (strong and 
rapid oxygen scavenger), the efficacy of the polymerization 
could be enhanced remarkably.42 In comparison with the 
reported PNIPAAm/GO nanocomposite hydrogels,27,41 
the use of St-MA as biodegradable and non-toxic cross-
linker could be considered the new route for the chemical 
crosslinking of GO with other polymeric components. 
HC1-3 was synthesized with different feed ratio of GO 
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as presented in Table 1. The obtained results indicated 
that the GO content can influence the physicochemical 
properties of HCs. The TGA results (Fig. 3) confirmed 
the increase of thermal stability of HCs with increasing 
the GO content. Also, DSC analysis demonstrated that 
the Tg of HCs increased with the increase of GO moieties 
which could be due to a more compact structure of cross-
linked HCs. This is reasonable; since, the amphiphilic 
GO sheets could be dispersed well in water before 
polymerization via H-bonding and intercalated with 
PNIPAAm networks during polymerization.43 The SEM 
results (Fig. 7) further demonstrated this issue where 
the increase of GO loading, cause to the increase of 
network density and the decrease of the pore sizes.41 Size 

Fig. 7. The SEM micrographs of (a) HC1, (b) HC2 and (c) HC3.

Fig. 8. The cell viability of A549 after incubation with HC1-3 for 
24, 48 and 72 hours.

Fig. 9. Hemocompatibility of HC1 (a) photograph and (b) UV-vis 
quantification of supernatant.

distribution results indicated that HC1 was well dispersed 
in solution and the size distribution of particles is about 
160 nm, while HC2 and HC3 with dense network could 
not be dispersed well and have a size distribution around 
1 μm. Furthermore, the compact structure could influence 
the swelling property, where the HC3 indicates lower 
swelling ratio in comparison with HC1. Generally, GO 
has an effective influence on the equilibrium swelling 
ratio of prepared hydrogels. This might be illustrated 
with the H-bond formation between hydrophilic groups 
of GO and water molecules, as well as amide groups in 
PNIPAAm and hydrophilic groups of St-MA which leads 
to the increase of swelling ratio of hydrogels. On the other 
hand, as illustrated in size distribution section (Fig. 4), 
the increase in GO content leads to the more compact 
hydrogels, because of intermolecular interactions of GO 
sheets with PNIPAAm and St-MA, which results in the 
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decrease of the equilibrium swelling ratio.41 In this work, 
the weight percent of GO in HC1, HC2 and HC3 are 3.36, 
4.16 and 6.1 %, respectively. Therefore, it is expected to 
decrease equilibrium swelling ratio with an increase in the 
amount of GO, as indicated in Fig. 6(a). Also, it is worth 
mentioning that when the GO content is more than a 
certain value, the interaction of GO with water molecules 
is weaker than the intermolecular interactions of GO 
sheets with PNIPAAm moieties, and therefore, leads 
to absorb less water content by the hydrogel structure.41 
Also, the LCST determination of HCs revealed the LCST 
around 33°C for samples in PBS (pH = 7.4). Generally, the 
phase transition of PNIPAAm based hydrogels occurred 
around 32°C and they are in the hydrophilic state below 
the LCST and turn into hydrophobic and collapsed above 
the LCST. It is well known that the LCST can be modulated 
to higher and lower values by incorporating hydrophilic 
and hydrophobic moieties, respectively.6 Therefore, GO 
as hydrophilic moiety cause to the slight increase of the 
phase transition temperature of the as-prepared HCs. 

Conclusion
In summary, we developed a facile strategy for 
thermoresponsive HCs by in-situ polymerization of 
NIPAAm in a colloid solution of GO where maleate 
modified starch as cross-linker, THPC as oxygen scavenger 
and H2O2 as initiator were applied. Thermal stability, 
phase transition, size distribution and cross-linking of 
HCs increased with increase of GO content. Swelling/de-
swelling investigation indicated high swelling ratio with 
fast response rate. Finally, cytotoxicity assays confirmed 
that HCs are biocompatible and hemocompatible 
which suggests they are beneficial for future biomedical 
applications.
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What is current knowledge?
√ HCs of N-Isoproylacrylamide/Starch-Maleate/ GO as a 
class of intelligent material were developed and characterized.
√ HCs were synthesized by a facile in-situ free radical 
polymerization method.

What is new here?
√ Starch was modified with maleic anhydride and used as 
biodegradable cross-linker instead of toxic chemical cross-
linkers.
√ H2O2 was used as an initiator in the presence of tetrakis 
(hydroxymethyl) phosphonium chloride (THPC) as an 
oxygen scavenger.
√ The obtained HCs indicated high swelling ratio, fast 
response rate, hemocompatibility and biocompatibility 
which make them suitable for biomedical applications.
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