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A B S T R A C T   

Recently, the design of stimuli-responsive hydrogels for controlled drug delivery systems has been extensively 
investigated to meet therapeutic needs and optimize the release pattern of the drug. Being a natural poly
electrolyte, hyaluronic acid (HA) is excellent potential to generate new opportunities for electro-responsive drug 
carrier applications. In the current study, HA-based electroconductive hydrogel was developed as a novel smart 
drug carrier for anti-inflammatory drug release by the combination of in-situ and post polymerization mecha
nisms. HA was modified through methacrylation reaction to introduce photocrosslinkable groups into its 
structure and then reduced graphene oxide (rGO) was encapsulated into methacrylated HA (HA/MA) hydrogel 
by using the photopolymerization technique. In the post polymerization process, polyaniline (PANI) was 
incorporated/loaded into HA/MA-rGO polymeric network produced in previous step. The produced HA/MA- 
rGO-PANI hydrogel exhibited sufficient electrical conductivity providing the desirable electro-responsive abil
ity for Ibuprofen (IBU) release. Furthermore, it has superior mechanical performance compared to pure (HA/MA) 
and rGO containing (HA/MA-rGO) hydrogels. IBU release from the hydrogel was successfully triggered by 
electrical stimulation and the cumulative drug release also enhanced by increasing of the applied voltage. These 
results highlighted that the novel HA/MA-rGO-PANI hydrogel could be a promising candidate for electrical- 
stimulated anti-inflammatory release systems in neural implant applications.   

1. Introduction 

Stimuli-responsive drug delivery systems, which have the ability to 
react against internal or external triggers (i.e. pH, light, magnetic or 
electric field, temperature, etc.), have emerged as an attractive approach 
to enhance efficacy and spatial/temporal control of the drug release as 
well as to provide compliance and comfort to patients [1–5]. Since these 
systems can modify drug release behaviors in accordance with the 
therapeutic needs by responding to changes in physiological conditions, 
they become prominent as a more favorable and beneficial option over 
the conventional ones. Among the various types of stimuli, electrical 
stimuli have gained much attention in triggered drug delivery due to 
ensuring an easy and inexpensive route for adjusting and controlling 
drug release by generating accurate signals [6–9]. Therefore, electrical 
stimuli materials can be utilized as promising drug delivery platforms 
for on-demand and transdermal systems and implants [10]. Particularly, 
delivery of the drugs such as anti-inflammatory reagents from neural 
implants via electrical stimulation has become a remarkable field in the 
last decades [10–13] since the release of the anti-inflammatory drugs 

from the implant into the tissue surrounding by using this strategy offers 
promoted tissue integration, enhanced performance stability of the im
plants and reduction of biotic reactions and inflammatory response 
[14–17]. 

In order to develop the electro-responsive drug carrier with superior 
features for neural implants, hydrogels are commonly used as an 
excellent class of materials because (i) their hydrophilic and soft nature 
are similar to the biological tissues, (ii) their porous 3D structure of them 
makes easier to load drug molecules into hydrogel matrix and (iii) their 
high water content could promote the biocompatibility and offer an ion- 
rich physiological medium [18–21]. Compared with the hydrogels 
produced by using synthetic polymers, natural polymers, especially 
polysaccharide (chitosan, dextran, hyaluronic acid (HA), etc.) based 
hydrogels are more advantageous owing to their biodegradability, non- 
toxicity and biocompatibility characteristics in practical applications of 
drug delivery [22–26]. Despite these brilliant features, hydrogels 
generally suffer from insufficient mechanical performance and electrical 
conductivity which are the critical requirements for electrical-stimuli 
systems [2,5,27,28]. Electroconductive hydrogels (ECHs), which are 
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typically fabricated by either in-situ polymerization in the presence of 
conductive particles or using post polymerization of intrinsically 
conductive polymers (CPs), have been widely studied in order to elim
inate the mentioned drawbacks [29]. Conductive particles (carbon 
nanotubes, nanoparticles and graphene-family materials) are incorpo
rated into the prepolymer solution to form ECH by in-situ polymeriza
tion process. Since this method does not require extra steps to eliminate 
cytotoxic oxidants or byproducts, ECHs produced with this strategy 
could be directly used in bio-related applications without purification 
[30,31]. In particular, graphene oxide (GO) and reduced graphene oxide 
(rGO) have received a great deal of attention in the production of ECHs 
by this method. Their unique physical and chemical properties, large 
surface area, mechanical strength and high electron mobility inspire the 
researchers to develop new concepts for developing ECH networks, 
which would be employed as an electro-responsive drug carrier for 
proposed applications [32–34]. 

In order to fabricate ECH, post polymerization is another technique 
that involves the immersion of a preformed hydrogel network to the 
monomer solution of the conductive polymer. In the ECHs produced by 
this method, while the hydrogel component of the ECH enables to carry 
a higher amount of drug molecules, the sufficient electroactivity of the 
CPs could assist to regulate electrically-triggered cellular activities and 
cellular performance that makes these materials potential candidates for 
drug delivery in neural implants [35–38]. Moreover, the integration of 
CPs such as polyaniline (PANI), polypyrrole (PPy) and poly (3,4-ethyl
enedioxythiophene) (PEDOT) with hydrogel network allows the 
controlled drug delivery by way of oxidation or reduction mechanisms 
thanks to their unique redox behavior [20,25,39,40]. PANI is one of the 
most attractive CPs and it exhibits excellent properties like tunable 
electrical conductivity, flexibility, environmental and thermal stability, 
acceptable biocompatibility, protonation/deprotonation ability and 
easy and facile synthesis. Owing to all its superior advantages, PANI has 
been extensively used in the regeneration of various types of natural 
tissues (nerve, bone, cardiac, muscle etc.) and is preferred for the pro
duction of ECH-based drug delivery systems [41–45]. 

Herein, we aimed that the production of methacrylated HA (HA/ 
MA)-based ECH as an electro-responsive drug carrier by the combina
tion of in-situ polymerization and post polymerization in the presence of 
rGO and PANI, respectively to benefit from the advantages of these 
different fabrication strategies and each component of the hydrogel 
network. HA, a natural-origin polysaccharide, was selected as the main 
component of the hydrogel network [46–48] because it plays the main 
structural role in the extracellular matrix (ECM) with its similar char
acteristics to biological tissues that resulted in the extensive usage of HA 
for various biomaterial applications [49–51]. Furthermore, the poly
electrolyte characteristic of the HA is very favorable for electrically 
stimulated systems [52]. In order to form HA/MA-based electro- 
conductive hydrogel network, three main steps were performed (i) HA 
being functional groups was modified by integrating methacrylate 
groups into its backbone via an esterification reaction. (ii) rGO was 
introduced into the polymeric structure by the photopolymerization 
technique which is the most favorable and easiest method to fabricate 
hydrogels with tunable and consistent chemical and physical charac
teristics, as well as high reproducibility. Furthermore, photocrosslinking 
offers significant advantages like in-situ gelation, spatio-temporal con
trol of hydrogel network, minimal energy requirement and absence of 
volatile organic substances over the conventional crosslinking methods. 
(iii) PANI was formed/loaded into the hydrogel network which was 
produced in the previous step. 

At this point, it is worth mentioning that the current study carried 
out on the fabrication of ECH for the electric-response drug release is to 
bring a novel approach to the literature in terms of not only the usage of 
HA/MA-based hydrogel but also the combination of two production 
methods (in-situ and post polymerization) via different conductivity 
sources. 

The produced hydrogels by this new formulation were evaluated 

regarding their chemical structures, morphologies, thermal and swelling 
behavior, electrical and mechanical properties. The obtained results 
clearly revealed that the introduction of both rGO and PANI as the 
different conductivity sources into the hydrogel network not only 
improved the electrical conductivity providing the desirable electro- 
responsive ability for controlled drug release but also enabled superior 
mechanical performance to produced hydrogels compared to their single 
usage. To investigate passive and electric-driven drug release behaviors 
of the HA/MA-rGO-PANI hydrogel, Ibuprofen (IBU) was used as a model 
drug because it prevents the inflammatory reactions between the neural 
implants and tissues, which suppresses cell proliferation and differen
tiation [10,53,54]. The release measurements exhibited that a higher 
amount of cumulative drug release by electrical stimulation compared to 
passive drug release were achieved by this formulation. Furthermore, 
the obtained “on-off” drug release pattern also confirmed that the 
hydrogel could release more amount of drug due to the application of 
voltage and fewer amount of drug was released from the hydrogel 
without any voltage enforcement. Consequently, it could be stated that 
the fabricated HA/MA-rGO-PANI hydrogel with a natural-origin struc
ture that possesses sufficient electroconductivity and mechanical per
formance could be employed as an electro-responsive drug carrier to 
release anti-inflammatory reagents from the neural implants in order to 
diminish the neuroinflammatory response in further applications. 

2. Materials and methodology 

2.1. Materials 

Hyaluronic acid (HA, food grade, Mw = 8 × 105 Da) was provided 
from Heze Better Biochemical Co. (Shandong, China). Ethanol (EtOH), 
sodium hydroxide (NaOH), ammonium peroxodisulfate (APS) and ani
line (C6H5NH2) were purchased from Merck. Methacrylic anhydride 
(MA), photoinitiator (Irgacure 2959, 2-Hydroxy-4′-(2-hydroxyethoxy)- 
2-methylpropiophenone), phosphate buffer saline (PBS) tablet, graphite 
(powder < 20 μm, synthetic), hydrazine (35 wt% in H2O), methanol 
(MeOH) and 12–14 kDa cutoff dialysis tubing were obtained from Sigma 
Aldrich. IBU was kindly provided from Bilim Pharmaceuticals, Turkey. 
All chemicals were used as received without further purification. Cell 
culture solution including Dulbecco's Modified Eagle Medium (DMEM) 
was purchased from GIBCO, USA. The medium formulation was sup
plemented with Fetal bovine serum (FBS) (GIBCO, USA) and penicillin/ 
streptomycin/amphotericin (PSA) (GIBCO, USA). 3-(4,5-di-methyl- 
thiazol-2-yl)-5-(3-carboxy-methoxy-phenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium (MTS assay) was provided from Promega, Southampton, 
UK. 

2.2. Synthesis of rGO 

rGO was synthesized by the chemical reduction of graphene oxide 
(GO), which was produced from graphite following the modified 
Hummer's method [55–57]. For the reduction, hydrazine was added into 
the aqueous dispersion of GO as a reducing agent under continuous 
stirring at 100 ◦C for 24 h. After cooling down, the obtained rGO solution 
was centrifuged followed by the washing process with methanol and 
distilled water, subsequently. In the final step, the filtrate was kept at 
room temperature under vacuum for 72 h. 

2.3. Synthesis of methacrylated HA (HA/MA) 

Firstly, 1 g of HA was dissolved in distilled water until complete 
dissolution. After that, 4.8 ml of MA was slowly added into the solution 
under continuous stirring at 4 ◦C. The pH was maintained at 8 with 6 N 
NaOH solution and the reaction was carried out at 4 ◦C for 24 h in the 
dark. The obtained HA/MA was precipitated in EtOH. The product was 
filtered, washed and dissolved, followed by dialysis against deionized 
water for 4 days. Purified HA/MA was freeze-dried and stored at 4 ◦C for 
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further use. 

2.4. Synthesis of HA/MA-rGO hydrogel by in-situ polymerization 

HA/MA (10 mg) was dissolved in PBS (1 ml) overnight under 
continuous stirring. The photoinitiator (2-Hydroxy-4′-(2-hydrox
yethoxy)-2-methylpropiophenone) (0.5 w/v) was added into the solu
tion and stirred until fully dissolved. Firstly, to form pure HA/MA 
hydrogel, prepolymer (HA/MA) solution without rGO was injected to 
the round-glass mold and exposed to UV light irradiation (365 nm) for 
30 min. Secondly, the stock rGO suspension was prepared in EtOH (1 % 
w/v) by ultrasonic treatment for 20 min. Then, the optimized amount of 
suspension (3 % w/w) was added into prepolymer (HA/MA) solution. 
This mixture was exposed to UV light with molds for 30 min in the 
presence of a photoinitiator to obtain HA/MA-rGO hydrogel. 

2.5. Synthesis of HA/MA-rGO-PANI hydrogel by post polymerization 

The obtained HA/MA-rGO hydrogels were immersed into ANI 
monomer solution (0.08 M) and incubated for 12 h at room temperature. 
An equimolar amount of APS (0.08 M) was added into the solution as an 
initiator and the reaction was carried out for 3 h. After that, hydrogels 
were immersed into distilled water for washing process and incubated 
for 2 days at room temperature. The washing procedure was continued 
until obtaining a clear solution. In the final step, produced HA/MA-rGO- 
PANI hydrogels were dried in petri dishes overnight at room 
temperature. 

2.6. Characterization 

The chemical structures of GO, rGO, HA, HA/MA and the produced 
hydrogels were determined by Fourier transform infrared spectroscopy 
(FT-IR). FT-IR spectroscopy was performed using a Perkin Elmer Spec
trum One FT-IR with attenuated total (ATR) unit. The samples were 
scanned from 380 to 4000 cm− 1. The methacrylation degree of HA/MA 
was analyzed by proton nuclear magnetic resonance spectroscopy (1H 
NMR). The 1H NMR spectra were recorded on a 500 MHz Varian Unity 
Inova NMR at 25 ◦C using deuterium oxide (D2O) as the solvent. GO and 
rGO were also characterized with Raman spectroscopy that was recor
ded with a STEX-100 Compact Confocal Raman spectrometer with a 
laser at 532 nm as the excitation source in order to evaluate the 
reduction efficiency. The particle size of rGO dispersions was measured 
by a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at the 
scattering angle θ = 173◦, and the temperature was fixed at 25 ◦C. The 
surface morphologies of the hydrogels sputter coated with Au/Pd were 
investigated using scanning electron microscopy (SEM) (ZEISS EVO 
MA10). 

2.7. Swelling properties 

The swelling capacity of the hydrogels was evaluated gravimetri
cally. The dry weights (Wd) of the hydrogels were measured. Then, dry 
hydrogels were incubated in PBS (pH = 7.4) at 37 ◦C for 24 h. The 
swollen hydrogels were blotted to remove superficial liquids and 
swollen weights (Ws) of the hydrogels were measured. The swelling 
capacity of the hydrogels was calculated according to Eq. (1): 

Swelling capacity (%) =
Ws − Wd

Wd
*100 (1)  

2.8. Thermal behavior 

In order to observe thermal stability of the hydrogels, thermogravi
metric analysis (TGA) was performed by “Netzsch STA 449 F3 Jupiter” 
thermogravimetric apparatus in the temperature range of 25 ◦C and 
900 ◦C with a heating rate of 20 K/min. Argon was used as the carrier 

gas. 

2.9. Electrical conductivity 

The electrical conductivity of the hydrogels was measured by using 
Lucas Labs S-302 Four Point Resistivity Probing Equipment, which has 
four equally spaced metallic probes touched to the material surface, 
connected to a Gamry Instruments power source. The sheet resistance 
(ρ) is determined by supplying a constant current between outer probes 
and monitoring the voltage between inner probes [55] and it is calcu
lated by using Eq. (2). Each sample was tested three times. 

ρ = 2πsR (2)  

where s is the probe spacing, R is the measured resistance value. 
Then, the conductivity value (σ) of the hydrogels was calculated by 

using the determined sheet resistivity according to Eq. (3): 

σ =
1
ρ (3)  

2.10. Mechanical performance 

In order to examine the mechanical properties of the produced 
hydrogels prepared in cylindrical form, the compressive stress-strain 
measurements were carried out with a Universal Testing Machine 
(Zwick Roell- Z1.0 Mechanical Test Machine) at the 2 mm/min of 
crosshead speed. Elastic modulus of the hydrogels was determined from 
the stress-strain curves and compressive strength values were calculated 
by using Eq. (4): 

CS =
Fmax

A
(4)  

where Fmax corresponds to the maximum force (N), A represents the 
cross-sectional area of the sample (mm2). 

Each composition was tested in triplicate and average values were 
recorded for the accuracy. 

2.11. In vitro degradation study 

In vitro degradation test of HA/MA-rGO-PANI hydrogel was carried 
out in PBS solution (pH 7.4) for 7 days. Dry hydrogels with approxi
mately 5.0 mg of weight were immersed into a falcon tube containing 
10 ml of PBS solution and were incubated at 37 ◦C. At predetermined 
time intervals, hydrogels were taken out from the degradation solution, 
washed thoroughly with distilled water and following that, they were 
dried at 37 ◦C. The in vitro degradation profile of HA/MA-rGO-PANI 
hydrogel was determined by measuring the weight loss (%) of samples 
at each predetermined time interval, as calculated in Eq. (5): 

Weight loss (%) =
WI − WII

WI
(5)  

where WI and WII are the weight of the dry hydrogel before and after 
degradation at each predetermined time intervals, respectively. 

2.12. Cytotoxicity test 

The cytotoxicity of the HA/MA-rGO-PANI hydrogel was determined 
by using the viability assay. Briefly, HaCaT cells were seeded onto the 
96-well plates with regular cell culture media (DMEM-LG containing 10 
% FBS and 1 % PSA) containing HA/MA-rGO-PANI hydrogel and media 
only at a density of 5 × 103/well and incubated for 24 h. Following 
incubation, the cell viability was measured by a colorimetric MTS assay 
(#G3582, CellTiter 96 Aqueous One Solution). Each well was treated 
with 10 % MTS reagent prepared in the culture media. The plates were 
incubated in a humidified chamber (5 % CO2, 80 % RH, and 37 ◦C) for 1 
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h in the dark. Absorbance values of the end-products of the reaction 
were determined by a plate reader (ELx800, Biotek Instruments, USA) at 
490 nm wavelength. Lastly, cells incubated with the HA/MA-rGO-PANI 
hydrogel were compared with the ones treated with medium only and 
the results were analyzed accordingly. 

2.13. Passive and electric-driven drug release study 

For passive drug release experiments, hydrogels were loaded with 
model drug (IBU) through the incubation in stock drug solution for 24 h 
at 37 ◦C and after that, they were washed with distilled water in order to 
remove the weakly bonded drug on hydrogels' surface. Then, drug 
loaded hydrogels immersed in falcon tubes with 10 ml of PBS (pH 7.4) 
were placed into the incubator at 37 ◦C, 130 rpm to simulate the 
physiological environment. 1 ml of release solution was withdrawn at 
specific time intervals and replaced with the same amount of fresh PBS 
solution to provide a constant volume release medium. The amount of 
IBU released from the hydrogels was observed by using UV–Vis spec
trophotometry at the wavelength of 265 nm. The drug loading capacity 
of the hydrogels was calculated according to Eq. (6): 

Drug loading capacity (%) =
W2 − W1

W1
× 100 (6)  

where W1 and W2 are the weight of the hydrogel and the weight of the 
drug loaded hydrogel, respectively. 

Electric-driven drug release experiments were carried out by 
employing a three-electrode system placed in 20 ml of PBS at 37 ◦C. 
While the fabricated HA/MA-rGO-PANI electroconductive hydrogel was 
used as the working electrode, platinum (Pt) mesh and silver/silver 
chloride (Ag/AgCl) electrodes were used as counter and reference 

electrodes, respectively. The release of the drug was triggered by 
applying different voltage values (0 V, 1 V and 3 V) to examine the effect 
of applied voltage on the release characteristics of the hydrogels. 
Additionally, on-off pulse release was tested under 3 V of potential for 3 
min at 30 min intervals. The same procedure carried out for passive drug 
release was also performed for the stimulated-drug release to determine 
the cumulative drug release. 

2.14. Statistical analysis 

GraphPad Prism Software (V.5, San Diego, USA) was used for sta
tistical analysis. One way ANOVA was performed for a comparison test. 
The results were presented as means ± standard deviation (SD) within 
the 95 % confidence level. 

3. Results and discussions 

3.1. Synthesis and characterization of rGO 

To investigate the structural characterization of graphite, GO and 
rGO, FT-IR and RAMAN analyses were performed. As seen from the 
Fig. 1A, although the FT-IR spectrum of graphite did not show any peaks 
corresponded to the presence of oxygen-containing functional groups, 
the peaks appeared in the FT-IR spectrum of GO at 1708 (C––O 
stretching vibrations), 1163 (C-O-C stretching vibrations) and, 1038 
cm− 1 (C–O stretching vibrations) which are characteristic for GO, 
confirm that the oxygen functionalized groups were successfully intro
duced to the graphite structure after the oxidation process [58–61]. 
Additionally, the absorption band at 3114 cm− 1 is assigned to the O–H 
stretching vibration for GO [59,62]. The bands at 2815 and 2900 cm− 1 

could be attributed to symmetric and asymmetric stretching vibrations 

Fig. 1. FT-IR spectra (A) of graphite, GO and rGO and particle size distribution (B) of rGO.  
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of CH2. Furthermore, the sharp peak at 1618 cm− 1 resulted from the 
hydrogen bonds between graphite and water molecules, which approves 
the hydrophilic nature of the GO [63]. The reduction was confirmed by 
removing and decreasing the peaks related to oxygen-containing groups 
in the FT-IR spectrum of rGO [64,65]. While the peaks corresponding to 
C-O-C and C––O stretching almost disappeared, the peaks refer to C–O 
stretching decreased dramatically for rGO sample. Moreover, the de
creases in the hydroxyl group region (3000–3500 cm− 1) are another 
evidence of the reduction process. The decrease of oxygen-containing 
groups rather than their total elimination during reduction shows that 
residual oxygen functionalities remain still in the rGO structure [66,67]. 
Raman analysis, a favored tool for characterizing graphene-family ma
terials, was also performed to confirm the oxidation and reduction 
processes. The ratio of the peak intensity of D-band to that of G-band (ID/ 
IG) indicated the disorder degree of the carbonaceous materials were 
calculated for graphite, GO and rGO. As shown in Table 1, ID/IG value 
increased after the oxidation that was arisen from the formed disordered 
structure related to the presence of oxygen-containing functional groups 
in GO. Besides, the increased intensity ratio after the reduction sug
gested the creation of a more isolated graphitic domain in the rGO 
structure due to the removal of functional groups from the latter form. 
These consistent results obviously showed that GO and rGO were syn
thesized successfully. 

The obtained rGO particle size distribution was determined using a 
particle size analyzer (Fig. 1B). According to the measurements, the 
average particle size was found as 2.2 μm, which provided a good 
dispersion of rGO in a polymeric mixture. 

3.2. Synthesis and characterization of HA/MA 

In order to achieve photo-induced crosslinking, HA was methacry
lated through an esterification reaction, which occurred by the chemical 
displacement of primary and secondary hydroxyl groups of HA with 
methacrylate groups (Scheme 1). 

The methacrylation of HA was confirmed by FT-IR spectroscopy. As 
shown in Fig. 2A, the FT-IR spectra of both HA and HA/MA exhibited the 
characteristic peaks at about 3300, 2900, 1600 and 1400 cm− 1, indi
cating O–H and N–H stretching, C–H stretching, C––O asymmetric 
stretching and C–H bending vibrations, respectively. A strong absorp
tion band was observed at about 1040 cm− 1 in both spectra, corre
sponding to the presence of C-O-C bending [68,69]. In the FT-IR 
spectrum of HA/MA, the bands appearing at 1716 cm− 1 and 1449 cm− 1 

depicted C––O (carbonyl) stretching and C––C (carbon‑carbon double 
bonds) of conjugated system, respectively [70]. The presence of these 
bands confirmed the successfully insertion of methacrylate groups into 
the HA backbone. 

The reaction between HA and MA was also proved by 1H NMR an
alyses and the related spectrum was depicted in Fig. 2B. The charac
teristic peaks appeared at 5.80 and 6.20 ppm were assigned to the =CH2 
protons of methacrylate groups. The peaks from 1.88 to 1.98 ppm 
ascribed to methyl resonance that indicates that methacrylate moiety 
conjugated to HA successfully [71–73]. The degree of methacrylation 
was calculated as 19 % based on integrating the relevant NMR peaks. 

3.3. Fabrication and characterization of electroconductive hydrogels 

HA/MA based ECHs were synthesized through the combination of 
the in-situ polymerization and post polymerization methods, as 
demonstrated in Scheme 2. The plausible chemical interactions between 
the components of the hydrogel network were also depicted in Scheme 

3. 
While the color of the pure HA/MA hydrogel was transparent, the 

color of rGO containing hydrogel was light grey. After post polymeri
zation, the color of the hydrogel turned from light grey to dark green 
proving that PANI was successfully loaded/formed in the hydrogel 
network. 

For the characterization of chemical structures, HA/MA, HA/MA- 
rGO and HA/MA-rGO-PANI hydrogels were compared to each other 
by using FT-IR analysis. As seen in Fig. 3, the FT-IR spectrum of HA/MA- 
rGO possessed not only the characteristic peaks corresponding to HA/ 
MA as explained above in detail but also the peaks due to the incorpo
ration of rGO, which were nearly in the same region with pure hydrogel. 
The decreasing of the intensities and the slight shifting of the peaks for 
the bands at about 1070, 1400 and 1700 cm− 1 compared to pure HA/MA 
hydrogel also indicated the hydrogen bonding between oxygen con
taining groups of rGO and C––O (carbonyl) groups of HA/MA [74]. In 
the spectrum of HA/MA-rGO-PANI hydrogel, the characteristic peaks of 
PANI also appeared at 1558, 1487 and 1238 cm− 1 corresponding to 
stretching vibrations of quinone ring, benzenoid ring and C–N 
stretching vibration of secondary amine, respectively, as well as char
acteristic peaks of HA/MA-rGO structure. The band at 801 cm− 1 was for 
out-of-plane bending of 1,4-disubstituted benzene. Additionally, ab
sorption bands at about 3000 and 2330 cm− 1 were attributed to N–H 
and O=C-O stretching vibrations of PANI [75–77]. 

The morphologies of produced HA/MA, HA/MA-rGO and HA/MA- 
rGO-PANI hydrogels were investigated by SEM analysis (Fig. 4). The 
polymeric network morphology was observed in the SEM image of HA/ 
MA hydrogel [78]. The incorporation of rGO created the interconnected 
porous structure that resulted in the formation of open channels for the 
migration of molecules [78,79]. Therefore, it could be stated that the 
presence of rGO improved the permeability of the hydrogel, which was 
consistent with the swelling test results [80]. It could also be noticed 
that the layered structure of rGO was observed in the polymeric network 
without any agglomeration proved the homogenous distribution of rGO 
in the hydrogel structure. When the SEM image of HA/MA-rGO-PANI 
hydrogel was examined, it was clearly seen that the hydrogel surface 
was covered with the polymeric PANI spheres that is similar to the 
studies reported in the literature [81–83]. The possible reason for the 
formation of these spherical structures after the addition of PANI could 
be attributed to the dispersion forces resulted from the hydrophobic 
nature of PANI molecules [84]. As also shown in Fig. 4C, these PANI 
spheres stuck with each other due to the strong hydrogen bonding be
tween PANI and the polymeric network, which is considered as the 
driving force for the self-assembly of PANI spheres resulted in a phase- 
separated morphology [83,85]. Since these PANI spheres were 
partially filled the pores of the hydrogel network, the water uptake ca
pacity of the hydrogel was consistently reduced. This morphology could 
be also provided an advantage in the electrical conductivity by creating 
the continuous electron transfer pathway [86]. 

3.4. Thermal behavior 

Thermal stabilities of HA/MA, HA/MA-rGO and HA/MA-rGO-PANI 
hydrogels were presented by TGA and DTG results (Fig. 5). All TGA 
curves, whose decomposition peaks were made explicit in DTG curves, 
indicated that weight loss of the hydrogels occurred in three main steps. 
The first weight loss for HA/MA hydrogel with a maximum decompo
sition rate at 151 ◦C was assigned to the removal of residual water 
molecules, which bound to carboxylate groups by polar interactions 
[87]. While the second weight loss occurred between 185 and 335 ◦C 
due to the decomposition of organic components, the third one was 
observed between 340 and 390 ◦C as the main decomposition of poly
meric side chains. The TGA curve of HA/MA-rGO demonstrated similar 
degradation patterns to HA/MA hydrogel except for slight peak shifting 
and peak broadening for the first degradation step owing to oxygen- 
containing functional groups coming from the rGO structure. 

Table 1 
The relative intensity ratio values of graphite, GO and rGO.   

Graphite GO rGO 

ID/IG 0.27 0.79 1.10  
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Furthermore, it was observed that the second degradation has a 
maximum decomposition rate of 228 ◦C indicated degradation of the 
main polysaccharide backbone and the final degradation took place at 
nearly 392 ◦C due to the decomposition of polymeric side chains in the 
HA/MA-rGO hydrogel. 

The TGA curve of the HA/MA-rGO-PANI hydrogel exhibited the first 

degradation in the temperature range of 150 and 190 ◦C due to loss of 
water molecules and the second degradation with a maximum rate at 
216 ◦C assigned to the degradation of semi-interpenetrating hydrogel 
network. When the DTG curve of hydrogel including PANI was checked, 
it was clearly observed that HA/MA-rGO-PANI hydrogel showed a 
distinct separation of the peak appearing as a small shoulder in both 

Scheme 1. Synthesis of HA/MA.  

Fig. 2. FT-IR (A) spectra of HA and HA/MA and 1H NMR (B) spectra of HA/MA.  
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DTG curves of HA/MA and HA/MA-rGO hydrogels. This single broad 
peak proved the attractive molecular interactions including π − π and 
hydrogen bonding and a higher degree of compatibility of all compo
nents in the hydrogel network. The third weight loss occurred at a higher 
temperature for HA/MA-rGO-PANI hydrogel which is clear evidence for 
the improvement in thermal stability due to the thermal degradation 
resistance originating from the PANI structure [88]. 

3.5. Swelling properties 

The swelling capacity is a key parameter for ECHs that shows their 
suitability for biomaterial applications such as sensor, drug delivery, 
tissue engineering and wound dressing applications where the transfer 
of molecules plays a significant role [47,89]. As the swelling behavior 
could be connected to several essential aspects of the hydrogels such as 
their morphology, permeability, toughness and biocompatibility, the 
evaluation of ECHs in terms of swelling properties is a necessity for their 
usage as a biomaterial [90,91]. To determine this important feature of 
the produced hydrogels, the swelling test was performed in PBS me
dium, of which physical and chemical properties are similar to human 
body fluid. As shown in Fig. 6A, while the swelling capacity of the HA/ 
MA hydrogel was found as 684 %, the swelling ratio increased to 850 % 
after the incorporation of rGO into a polymeric network that could be 
explained by the presence of hydrophilic groups coming from rGO 
structure [92,93]. These hydrophilic functional groups could be simul
taneously formed the hydrogen bonds with water molecules. Therefore, 
more water molecules were kept in the hydrogel structure resulted in the 
enhancement of the swelling ratio [94,95]. On the other hand, HA/MA- 
rGO-PANI hydrogel showed a considerable decrease in swelling capacity 
because of the rigid and more hydrophobic structure of PANI compared 
to HA/MA-rGO hydrogel network. This decrement could be also 
attributed to filling the voids of the hydrogel structure by PANI. Addi
tionally, the electrostatic and molecular interactions between PANI and 

hydrogel network, which prevented the bonding of structure with water 
molecules, might be a possible reason for decreasing the swelling ca
pacity [96,97]. 

3.6. Electrical conductivity 

Since ECHs based on a natural-origin polymer could enhance inter
cellular and biological activity by mimicking extracellular matrix 
(ECM), they would be used as a promising alternative material for smart 
drug carriers [98,99]. Particularly, the production of ECHs with a 
reasonable level of conductivity offers enhanced performance and pro
ductivity in desired biomaterial applications [47]. Considering this, the 
electrical conductivity of HA/MA-PANI, HA/MA-rGO and HA/MA-rGO- 
PANI hydrogels was evaluated by measuring the sheet resistance values 
of them through the four-point probe method. All conductivity results 
were given as a table and graph (Table 2, Fig. 6B). Based on the results, it 
is clear that the conductivity of HA/MA-rGO-PANI hydrogel is superior 
to that of the HA/MA-only PANI and HA/MA-only rGO hydrogels. 
Because there is the important contribution of both RGO and PANI in the 
HA/MA-rGO-PANI hydrogel; i) the well-distributed rGO particles in the 
hydrogel network form the effective and conductive pathway leading to 
an electroconductive structure [100] ii) the polyconjugated planar 
structure of PANI provides electrical conductivity and the electron 
delocalization of polaron/bipolaron structures in the hydrogel network 
[88,101]. This significant enhancement in the conductivity proves that 
the integration of both rGO and PANI as different conductivity sources in 
the hydrogel structure supplies more sufficient electrical conductivity to 
the produced hydrogels. 

3.7. Mechanical performance 

The mechanical performance of the hydrogels employing for drug 
delivery systems is a highly significant parameter to provide an effective 

Scheme 2. Schematic representation of the production of HA/MA, HA/MA-rGO and HA/MA-rGO-PANI hydrogels.  
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protection for their structural integrity against external forces. There
fore, the mechanical properties of the produced hydrogels were 
analyzed to investigate their usage as a drug carrier in practical appli
cations. Fig. 7 represents the compressive stress-strain curves of the HA/ 
MA, HA/MA-rGO, and HA/MA-rGO-PANI hydrogels conducted at room 
temperature. As seen from these curves' the slopes showing elastic 
modulus, pure hydrogel (HA/MA) showed the lowest elastic modulus as 
well as the lowest elongation at break. Elastic modulus and compressive 
strength (the ultimate breaking strength) significantly increased in the 
presence of the rGO and PANI. Furthermore, the absence of free space 
owing to especially introduction of PANI into the polymeric network and 
uniform network into the hydrogel structure is to allow stress to be 
distributed uniformly and improves the mechanical properties [102]. 

Notably, it appears from the stress-strain curves that the presence of 
the rGO and PANI had significant influences on the toughness, the area 
under the stress-strain curve, of the obtained hydrogels and demon
strates the absorbed energy of the hydrogel up to the final rapture. Both 
rGO and PANI remarkably increased stress-strain performance since 
physical entanglements as well as inter-and intra-molecular hydrogen 
bonds between PANI, rGO and HA mainly account for strengthening the 
hydrogel [103]. 

The results regarding compressive strength and elastic modulus ob
tained from the stress-strain curve are listed in Table 3. The compressive 

strength of the hydrogel reached to 472.06 kPa with an enhanced elastic 
modulus of 5.77 kPa after the incorporation of rGO into HA/MA 
hydrogel network that could be attributed to the reinforcement effect of 
rGO. In particular, hydrogen bonding between rGO and polymeric 
network effectively promote the strength of the hydrogel resulted in the 
increment of their resistance ability to external forces. After post poly
merization of PANI, while the compressive strength of the HA/MA-rGO 
hydrogel was increased nearly by double, the elastic modulus value of 
HA/MA-rGO-PANI hydrogel reached to 23.60 kPa indicated excellent 
flexibility, which was 4 times and 12 times higher than that of the HA/ 
MA-rGO and HA/MA hydrogels, respectively. Such superior mechanical 
properties of HA/MA-rGO-PANI hydrogel could be explained by the 
rigid backbone of PANI as well as electrostatic interactions between 
PANI and the polymeric network. Furthermore, the formation of inter
penetrated network could significantly strengthen the network struc
ture. These results confirmed that the introduction of both rGO and 
PANI into hydrogel structure endowed outstanding mechanical perfor
mance to hydrogel comparing with HA/MA hydrogel, that is beneficial 
for their usage in drug release applications. 

3.8. In vitro degradation study 

In vitro degradation profile of HA/MA-rGO-PANI hydrogel in terms 

Scheme 3. Schematic representation of the plausible interactions of the components (HA/MA, rGO and PANI) in the hydrogel network.  
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Fig. 3. FT-IR spectra of HA/MA, HA/MA-rGO and HA/MA-rGO-PANI hydrogels.  

Fig. 4. SEM images of HA/MA (A) and HA/MA-rGO (B) and HA/MA-rGO-PANI (C) hydrogels.  

Fig. 5. TGA and DTG curves of HA/MA and HA/MA-rGO and HA/MA-rGO-PANI hydrogels.  
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of weight loss (%) was determined in PBS medium at 37 ◦C in order to 
mimic physiological conditions. The obtained results based on the day 
were given as a graph (Fig. 8A). As seen from the graph, the produced 
ECH exhibited only 27 % weight loss at the end of the 7th-day incuba
tion. This result can be explained that while the breakage of glycosidic 
bonds in the polysaccharide component induces the degradation of the 
hydrogel network, PANI forms a barrier against water penetration due to 
its hydrophobic domain during the degradation period. The achieved 
slow degradation rate reveals that the fabricated HA/MA-rGO-PANI 
hydrogel would be able to preserve its integrity during the long period 
which is an essential requirement for some special implementations such 
as enduring drug treatment and neural implants. 

3.9. Cytotoxicity test 

The cytotoxicity of the HA/MA-rGO-PANI hydrogel was tested by 
proliferation of HaCaT cells seeded onto the hydrogel via MTS assay. As 
shown in Fig. 8B, there is no any significant difference between HA/MA- 
rGO-PANI hydrogel and control sample, which indicates that produced 
HA/MA-rGO-PANI hydrogel did not cause any cytotoxicity effect on the 
viability of HaCaT cells. Accordingly, it could be concluded that HA/ 
MA-rGO-PANI hydrogel possessed sufficient cytocompatibility for 
controlled drug delivery applications. 

3.10. Passive and electric-driven drug release studies 

IBU, which is a hydrophobic anti-inflammatory reagent, was selected 
as the model drug for both passive and electric-driven drug release 
studies. The passive release behavior of the IBU (Fig. 9A) from the HA/ 
MA-rGO-PANI hydrogel was investigated in PBS medium (pH 7.4) at 
37 ◦C and the drug loading capacity of the hydrogel was found as % 
57.8. The cumulative release percentage of the drug driven by the free 
diffusion mechanism reached to about 37 % at the end of 24 h. The rapid 
boost in the cumulative passive release at the initial stage (t < 3 min) 
was ascribed to the fast release of drug molecules weakly bounded to 
hydrogel or drugs presented near the surface of the hydrogel. After this 
initial stage, the IBU molecules were released in a slower and more 
controlled manner for 26 h. This behavior indicates that this hydrogel 
could be employed for controlled drug release applications. 

Electric-driven release behavior of hydrogels which have favorable 
electrical conductive feature thanks to the integration of rGO and PANI 
into polymeric network was also tested by applying different voltage 
values (0 V, 1 V and 3 V) in order to evaluate the potential usage of HA/ 
MA-rGO-PANI hydrogel as an electro-responsive drug carrier. As shown 
in Fig. 9B, the cumulative release of IBU significantly increased with the 
increment of applied voltage. While the cumulative release of IBU was 
approximately 35 % at the end of 140 min without electrical 

Fig. 6. Swelling capacity (A) and electrical conductivity (B) of the HA/MA, HA/MA-rGO and HA/MA-rGO-PANI hydrogels.  

Table 2 
Conductivity values of hydrogel samples.  

Sample Resistance 
(Ω) 

Sheet 
resistivity (Ω. 
cm) 

Conductivity 
(S/cm) 

Average 
conductivity (S/ 
cm) 

HA/MA NA NA NA NA 
HA/MA- 

rGO 
62 × 104 4.94 × 105 2.02 × 10− 6 2.06 × 10− 6 

59 × 104 4.70 × 105 2.13 × 10− 6 

62 × 104 4.94 × 105 2.02 × 10− 6 

HA/MA- 
PANI 

30 × 104 2.39 × 105 4.18 × 10− 6 2,83 × 10− 6 

50 × 104 3.99 × 105 2.51 × 10− 6 

70 × 104 5.58 × 105 1.79 × 10− 6 

HA/MA- 
rGO- 
PANI 

7.7 × 104 0.61 × 105 1.64 × 10− 5 1.58 × 10− 5 

8.1 × 104 0.64 × 105 1.56 × 10− 5 

8.2 × 104 0.65 × 105 1.54 × 10− 5  

Fig. 7. Stress-strain curve of the HA/MA, HA/MA-rGO and HA/MA-rGO- 
PANI hydrogels. 

Table 3 
Mechanical properties of the produced hydrogels.  

Sample Compressive strength (kPa) Elastic modulus (kPa) 

HA/MA  191.79  1.86 
HA/MA-rGO  472.06  5.77 
HA/MA-rGO-PANI  992.11  23.60  
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Fig. 8. In vitro degradation profile (A) and the cytotoxicity results (B) of the produced HA/MA-rGO-PANI hydrogel.  

Fig. 9. Passive (A), electric-driven (B) and on-off pulse release behavior of IBU from HA/MA-rGO-PANI hydrogel.  
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stimulation, the cumulative release amounts of IBU were found as 60 % 
and 86 % at applied voltages of 1 V and 3 V, respectively. Since the 
dominant mechanism in the non-stimulated drug release is the free 
diffusion driven due to the concentration difference, the release of drug 
from the hydrogels occurred in slower manner resulted in lower cu
mulative release percentage [81]. On the other hand, electric-driven 
drug release from the hydrogels was induced by two mechanisms: (i) 
migration of charged molecules in the presence of electric field as a 
driving force and (ii) change of overall net charge within the polymeric 
network during the oxidation or reduction process [37,104]. In this 
study, a negatively charged drug (IBU) was loaded into hydrogel 
structure and it was released owing to the reduction of conductive 
polymer (PANI) into the fabricated ECH. By applying the electrical 
stimulation, the net positive charge in the hydrogel network was 
declined upon the reduction of PANI and negatively charged IBU mol
ecules were expelled from the polymer matrix [1,3]. After that, charged 
moieties moved toward the electrode with an opposite charge by the 
driving force of electric field. 

Furthermore, “on-off pulse” drug release was conducted at the 
voltage of 3 V for 3 min at 30 min intervals. While the loaded drug 
molecules were released slowly during the first 3 min without electrical 
stimulation, the release amount of IBU considerably increased with 
electrical stimulation during the subsequent 3 min. As shown in Fig. 9C, 
the first potential application enhanced the cumulative release of IBU 
from 5 % to 42 %. 

A similar release pattern was also observed at the second and third 
on-off steps. The amount of cumulative drug release reached from 59 % 
to 77 % and from 81 % to 86 % in the second and third on-off steps, 
respectively. This decrement in the difference of cumulative release 
percentage could be explained by the reduction of drug concentration 
difference between polymeric matrix and PBS medium. 

Both electric-stimuli and on-off pulse release behavior of the model 
drug verified the electro-responsive feature of fabricated HA/MA-rGO- 
PANI hydrogel and the utility of HA/MA-rGO-PANI as an anti- 
inflammatory reagent carrier in drug delivery systems. 

4. Conclusion 

Electroconductive hydrogels have become a remarkable platform for 
stimuli-responsive drug delivery applications, since the combination of 
outstanding properties of hydrogel structure and the electroactivity of 
the conductive components offer the novel perspectives for fabricating 
efficient ECH-based drug carrier systems. Herein, HA/MA-based ECHs 
were fabricated by using both in-situ polymerization with the incorpo
ration of rGO into network and post polymerization of PANI. It should be 
noted that there are only a few reports on the usage of HA-based 
hydrogel as electro-responsive drug vehicles in the literature. Further
more, the usage of both rGO and PANI as the different conductivity 
sources in HA-based polymeric network benefited from its poly
electrolyte nature for electrical-stimulated drug delivery applications 
was carried out for the first time in the current study. When the fabri
cated HA/MA-rGO-PANI hydrogel by this way was evaluated in terms of 
electroconductive and mechanical performance, it was obviously seen 
that the usage of two different approaches (in-situ and post polymeri
zation) not only endowed efficient electrical conductivity (1.58 × 10− 5 

S/cm) to hydrogel but also provided improved mechanical performance 
in terms of compressive strength (992.11 kPa) and elastic modulus 
(23.60 kPa), which are the significant requirements for electric-driven 
drug release applications. More importantly, it was observed that the 
release of IBU from the hydrogels was stimulated by electrically and the 
cumulative release of the drug was also enhanced from 35 % (at 0 V) up 
to 86 % (at 3 V) with this stimulation during the release measurements. 
The achieved on-off pulse drug release pattern verified to possess an 
adequate level of electro-responsive ability of the hydrogel. All results 
showed that HA/MA-rGO-PANI hydrogel would be an attractive carrier 
for electro-responsive drug release systems that regulate drug release 

behavior according to the requirements of the patients in further neural 
implant applications. 
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