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A B S T R A C T   

The synthesis of graphene-based materials has attracted considerable attention in drug delivery strategies. 
Indeed, the conductivity and mechanical stability of graphene have been investigated for controlled and tunable 
drug release via electric or mechanical stimuli. However, the design of a thermo-sensitive scaffold using pristine 
graphene (without distortions related to the oxidation processes) has not been deeply investigated yet, although 
it may represent a promising approach for several therapeutic treatments. Here, few-layer graphene was used as 
a nanofiller in a hydrogel system with a thermally tunable drug release profile. In particular, varying the 
temperature (25 °C, 37 °C and 44 °C), responsive drug releases were noticed and hypothesized depending on the 
formation and perturbation of π-π interactions involving graphene, the polymeric matrix and the model drug 
(diclofenac). As a result, these hybrid hydrogels show a potential application as thermally triggered drug release 
systems in several healthcare scenarios.   

1. Introduction 

Smart drug delivery systems (DDS) represent a milestone in the 
development of efficient therapeutic strategies in modern healthcare. 
Indeed, research has focused on the tunable pharmacokinetics and the 
efficacy of released active principles, generating a wide range of 
polymer-based biomaterials. Among them, hydrogels are commonly 
recognized as tailored three-dimensional (3D) networks to perform 
sustained drug release. Their unique physical-chemical properties are 
essentially correlated to the porous structure and the high-water im-
bibing capacity: they guarantee the diffusion of drug payload and the 
exchange of ions and metabolites with tissues to maintain the biological 
chemical balance with the surrounding environment [1]. However, the 
drug release from these 3D scaffolds is mostly driven by a pure diffusion 
mechanism, due to the high clearance observed in vivo and it cannot be 
modulated through external stimuli. To overcome these limitations, 
hybrid composites are being developed and the scientific community 
has shown great interest in the use of graphene as a nanoscale filler 
[2,3]. Graphene is defined as a single layer of sp2-hybridized carbon 
atoms arranged in a honeycomb two-dimensional (2D) lattice array 
[4,5]. The application of graphene in the synthesis of drug carriers is 

justified by its peculiar feature, which include high Young's modulus, 
mechanical stability, excellent electrical and thermal conductivity, and 
combination of fast mobility of charge with a large specific surface area 
that provide multiple attachment sites for drug targeting [6,7]. Indeed, 
the planar configuration represents an attractive substrate to im-
mobilize different substances, such as drugs, biomolecules, chromo-
phores and cells [8–10]. The main application of graphene in DDS is in 
its oxidized (graphene oxide, GO) or reduced (reduced graphene oxide, 
rGO) state to endow polymeric networks with improved mechanical 
consistence, self-healing ability, ultrasound or IR responsivity, which 
affect the drug release kinetics [11,12]. In particular, the choice of 
graphene oxide is due to its water dispersibility, result of the epoxide 
and hydroxyl functionalities on the two sides of a single layer of gra-
phene, and of the carboxylic terminal groups at the edges: the polarity 
of these chemical groups empowers the formation of hydrogen bonds 
with hydrophilic molecules and their chemical reactivity gives rise to 
covalent linkage with polymers or biomolecules [13,14]. For example, 
Dembereldorj and coworkers [15] have proposed the PEGylation of GO 
to optimize the biocompatible release of doxorubicin; Wang et al. [16] 
discussed the covalent functionalization among GO and poly-
ethyleneimine, polyethylene glycol, and folic acid to design a plasmid 
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delivery system for targeting hepatocellular carcinoma; Cheng and 
coworkers [17] described the synthesis of a 3D printable GO-hydrogel 
as a BMP7 protein delivery system to protect cartilage by influencing 
the Rank/Rankl/OPG pathway in vitro and in vivo. On the other hand, 
the application of pristine graphene is investigated due to its specific 
conductivity (higher than its oxidized derivative) and mechanical sta-
bility: recently, González-Domínguez et al. [18] have studied the re-
sponse of a hybrid graphene-hydrogel to electrical and mechanical 
stimuli to modulate the release of a drug. However, the thermal be-
havior of pristine graphene within a polymeric matrix has not been 
fully investigated yet. The thermal triggering approach to drug delivery 
is common in cancer [19–21] and brain tumors [22,23]. In this work, 
we propose the synthesis of graphene-based hydrogels as thermo-sen-
sitive carriers for controlled drug release. Hydrogels were obtained via 
microwave-assisted condensation reaction between branched poly-
acrylic acid and agarose, and pristine nano-layered graphene (few- 
layered graphene, FLG) was used as a nanofiller to investigate the 
graphene thermal effect in the drug release scenario. The use of mi-
crowave irradiation is justified by its main benefits compared to other 
common routes used in the synthesis of three-dimensional polymeric 
scaffolds [24,25]. It ensures short reaction time, absence of organic 
solvents and potential toxic cross-linkers, limited side reactions and 
minimal amounts of unreacted species [26,27]. The FLG stabilization 
was obtained through the dispersion of exfoliated graphite in isopropyl 
alcohol to induce the intercalation of the solvent molecules into the 
graphitic interlayer spaces, providing a material with increased water 
dispersibility. This approach ensures the sol-gel transition in aqueous 
media, avoiding the use of organic solvents. Moreover, the synthetized 
hybrid scaffolds preserve all the peculiar features of pristine graphene, 
without distortions related to the oxidation processes. We investigated 
the drug release profile at three different temperatures: 25 °C (room 
temperature), 37 °C (physiological condition) and 44 °C (a value asso-
ciated with hyperthermia treatments [21]). Diclofenac, an anti-in-
flammatory molecule commonly used to treat musculoskeletal and 
systemic inflammations, was chosen as a candidate drug preserving its 
bioactivity in the investigated temperature range [28,29]. Results 
showed tunable diclofenac release over time, according to the tem-
perature increase. This response was not observed in polymeric scaf-
folds without FLG, suggesting that the thermal response and the π- 
conjugated structure of the nanofiller [30,31] affected the electrostatic 
interactions with drug and, hence, its release kinetics. In particular, by 
increasing the temperature, the release of diclofenac became faster. 
Furthermore, we evaluated the anti-inflammatory performance of the 
released drug in terms of cyclooxygenase (COX) inhibition, reporting an 
efficiency comparable to that of its analytical standard, thereby proving 
that the interaction with FLG did not alter the drug. According to ISO 
10993-5, these graphene hybrid hydrogels present high biocompat-
ibility, supporting their potential application for thermally triggered 
drug release in several biomedical applications. 

2. Experimental 

2.1. Materials 

Branched polyacrylic acid (carbomer 974P, MW = 1 MDa, Fagron) 
and ultrapure agarose (MW = 200 kDa, Thermo Fisher Scientific) were 
used as reagents for gel formulation. Commercially available inter-
calated graphite was provided by Asbury Carbons (Anthracite 
Industries, Inc.) and was used as the starting material for the synthesis 
of FLG. This graphite was intercalated with sulphates and nitrates, 
positioned between the various carbonaceous layers, and prepared in 
acidic environment (pH between 1 and 6). All other chemicals and 
diclofenac sodium salt were purchased from Merck KGaA. The materials 
were used as received, without further purifications, and the solvents 
were of analytical grade. 

2.2. Synthesis of few layered graphene (FLG) 

FLG were fabricated through the exfoliation method assisted by 
microwave irradiation, according to a simple and industrially scalable 
procedure [32,33] previously developed at the INFN NEXT Nano-
technology Laboratory in Frascati (Rome). Intercalated graphite (2 g) 
underwent a sudden thermal shock for 30 s, caused by microwave ir-
radiation (800 W), and resulting in a growth temperature above 
1000 °C. The resulting crystalline stacks of atomic graphene layers 
(200 mg, hereinafter FLG) were dispersed in isopropyl alcohol (200 mL) 
by stepwise additions (50 mg each) every 10 min under pulsed-mode 
sonication at room temperature (RT), to a final concentration of 1 mg/ 
mL. The obtained system was dried at 90 °C to remove alcohol and the 
resulting agglomerate was dispersed in distilled water at 0.01% w/v 
and sonicated for 40 min, until complete suspension. Scanning electron 
microscopy (SEM) analysis of FLG specimen was performed on a Tescan 
Vega II microscope, endowed with a tungsten filament. 

2.3. Synthesis of graphene-laden hydrogels 

The starting branched polyacrylic acid (PAA) solution was prepared 
as follows: carbomer 974P (50 mg) was dissolved in PBS solution 
(9.95 mL), then the mixture was left to settle for 30 min and pH was 
brought to 7.8 by 1 M NaOH addition. Hence, graphene-laden hydro-
gels (FLG-HG) were synthetized: agarose (40 mg, 0.8% w/v) was added 
to PAA solution (5 mL) and the mixture was exposed to microwave 
stimulation (500 W) for 30 s and heated to 80 °C to induce the con-
densation reaction between the carboxyl and hydroxyl groups. The 
reactor was kept closed to prevent solvent evaporation. The resulting 
system was cooled to 60 °C and mixed at 1:1 volume ratio with the FLG 
solution, obtaining a final FLG concentration of 0.5 mg/mL. Finally, the 
solution was vortexed (20 s) obtaining a homogenous mixture and cast 
in cylindrical molds (diam 1.1 cm, 250 μL per mold) upon cooling to 
achieve the complete gelation (in about 6 min, as monitored using the 
inverted tube test, Supplementary material). Pristine hydrogels (HG) 
were also produced as a reference standard for the experimental vali-
dations. The latter were synthetized following the FLG-HG protocol 
using distilled water for the 1:1 dilution stage prior to casting. 

2.4. Water uptake behavior 

Water uptake capacities of FLG-HG and HG were evaluated grav-
imetrically. The hydrogel samples were first immersed in PBS for about 
30 min, to remove potential unreacted components, and freeze-dried; 
then they were weighed (Wdry) incubated in excess PBS (about 3 mL) to 
reach complete swelling. At defined time points, each sample was re-
moved from the PBS, wiped with moistened filter paper and weighed 
(Wwet). The water uptake percentage (Q) was calculated according to 
Eq. (1): 

= ×Q
W W

W
100%wet dry

dry (1)  

Data were recorded at temperatures of 25 °C, 37 °C and 44 °C and 
each condition was analyzed in triplicate. 

2.5. Characterization techniques 

2.5.1. Raman spectroscopy 
Raman characterization was carried out using an Invia microscope 

(Renishaw) equipped with a 532 nm laser and two gratings (600 and 
1800 lines/mm). Spectra were acquired directly on the lyophilized 
samples. The power laser, the exposure time and the number of accu-
mulations were optimized for each sample. 
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2.5.2. FT-IR analysis 
FT-IR analysis was performed on an Agilent Cary 630 spectrometer, 

equipped with Diamond ATR-module, at a resolution of 2 cm−1 and 
128 acquisitions. Lyophilized samples were placed on the diamond cell 
without any preparation, and spectra were recorded in the 
4000–650 cm−1 wavenumber range. 

2.5.3. Rheological characterization 
Measurements were performed on a MCR302 rheometer (Anton 

Paar GmbH) with a 25-mm plane plate configuration. Amplitude sweep 
and frequency sweep tests were conducted at 25 °C, 37 °C and 44 °C, 
after complete gelation of each sample. Amplitude tests were performed 
at 10 Hz, whereas G′ (elastic modulus) and G″ (loss/viscous modulus) 
were determined at low strain values (0.1%) over the frequency range 
0.5–50 Hz. 

2.6. Drug loading 

Drug loading was performed during the synthetic step. Diclofenac 
was respectively dissolved in FLG solution (FLG-HG group) or in dis-
tilled water (HG group) at 0.5 mg/mL. The drug solution was sonicated 
for 1 h at room temperature (RT) and added to the polymeric mixture 
post-microwave irradiation at a 1:1 volume ratio, leading to a final drug 
concentration of 0.25 mg/mL in the hydrogel samples. The addition of 
FLG-drug (or drug alone) occurred during the cooling of the polymeric 
system, at 60 °C. Complete gelation was achieved in cylinders in ca. 
6 min, as described above. 

2.7. Drug release profiles 

Drug release mechanism was investigated at pH 7.4, at different 
temperatures: 25 °C, 37 °C and 44 °C. In details, hydrogel specimens 
were incubated in PBS (1 mL) and 500 μL aliquots were collected at 
defined time points up to 96 h, restoring the buffer volume to avoid 
mass transfer equilibrium with the surrounding environment. The 
amount of released diclofenac was determined by UV–vis spectroscopy 
at λ = 276 nm against a calibration curve. 

2.8. Cytotoxicity assay 

The biocompatibility of HG and FLG-HG was assessed in vitro, ac-
cording to ISO 10993-5, using BALB/3T3 cell line (American Tissue 
Culture Collection, ATCC). Lyophilized hydrogel specimens were ster-
ilized by UV irradiation for 20 min and placed into a 24-well plate. 
Then, Dulbecco's Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin/ 
streptomycin (Merck KGaA) were added to each sample (1 mL per 
3.5 mg of hydrogel specimen) and incubated for 24 h at 37 °C. The 
resulting eluate was supplemented to cell cultures at different titers and 
cell viability was evaluated at 24 h by MTT assay, which is based on the 
reduction of tetrazolium salts by metabolically active cells. Briefly, 3- 
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide was added 
to each well to a final concentration of 0.5 mg/mL. After incubation for 
4 h at 37 °C, 5% CO2, medium was removed, and the resulting in-
tracellular purple formazan salts were dissolved in DMSO (200 μL per 
well). Absorbance was measured at 590 nm on a microplate reader 
(TECAN M200 Pro plate reader). Non-treated cells were used as a 
control for cell viability. Experiments were performed in triplicate. 

2.9. Cyclooxygenase (COX) assay 

The anti-inflammatory activity of diclofenac following its release 
from the hydrogels was tested in vitro in terms of COX inhibition on cell 
lysates. The THP-1 monocytic cell line was used as a cell model. Cells 
were maintained in RPMI 1640 (Merck KGaA) supplemented with 10% 
fetal bovine serum (FBS), 1% non-essential amino acids, 1% sodium 

pyruvate and 0.1 mg/ml penicillin/streptomycin/L-glutamine (Merck 
KGaA). Cell differentiation into macrophages was performed in 75 cm2 

flasks at a density of 1 × 106 cells/mL in complete RPMI containing 
150 nM phorbol 12-myristate 13-acetate (PMA) (Merck KGaA). Medium 
was changed after 24 h, and cells were cultured for additional 48 h in 
complete RPMI. Inflammation was induced by administration of 10 ng/ 
mL LPS (Merck KGaA) for 48 h. Cells were then washed with PBS and 
detached by trypsin. THP-1 macrophages were pelleted by centrifuga-
tion at 200 ×g for 5 min and washed with PBS. The pellet was lysed in a 
lysis buffer consisting of ice-cold PBS, 1% NP-40 surfactant (Thermo 
Fisher Scientific) and Halt Protease Inhibitor Cocktail (1:1000, Thermo 
Fisher Scientific), and incubated on ice for 5 min. The lysate was cen-
trifuged at 13,000 ×g for 5 min at 4 °C and the supernatant was col-
lected. 

Inhibitory effect of diclofenac was analyzed through a Fluorometric 
COX Activity Assay (Abcam, ab204699), representing a sensitive 
method to detect the peroxidase activity of COX in biological samples. 
Eluates from FLG-HG were withdrawn after 24 h incubation, and di-
clofenac concentration was determined spectrophotometrically. A 
freshly prepared diclofenac solution, at the same concentration, was 
used as a positive control. Additionally, a no-drug group was used for 
data normalization. 

In our typical experiment, 20 μL of reaction buffer containing cell 
lysate, fluorometric probes and sample under investigation were 
spotted on a 96 well multiplate. After the addition of arachidonic acid 
(COX substrate) in NaOH solution, the enzymatic reaction led to the 
production of a fluorescent molecule (resorufin dye, λEx/Em = 535/ 
587 nm), that could be monitored in kinetic mode (one read every 15 s) 
for 20 min at RT, using a TECAN M200 Pro plate reader. Data were 
plotted as Relative Fluorescence Units (RFU) over time and COX ac-
tivity could be determined as the slope of the curve in its linear region, 
using a resorufin standard calibration curve: in particular, 1 COX unit is 
defined as the amount that leads to the production of 1 μmol of re-
sorufin per min, at physiological pH and 25 °C. 

2.10. Statistical analysis 

Where applicable, experimental data were analyzed using Analysis 
of Variance (one-way and two-way ANOVA). Statistical significance 
was at the 0.05 level. Results are presented as mean value  ±  standard 
deviation. 

3. Results and discussion 

3.1. FLG production 

FLG was prepared using an expandable graphite characterized by 
intercalating sulfate and nitrate derivatives, localized among the gra-
phite planes. The microwave-induced thermal shock promotes the in-
tercalating substances vaporization, which modifies the air dielectric 
properties and causes a propagation of sparks that sustain the process, 
reaching temperatures around 1000 °C [34]. During the vaporization, 
the gases exert a pressure between two adjacent planes increasing the 
reciprocal distance and giving rise to the final exfoliated material. The 
resulting graphene presented a worm-like structure, with a higher 
surface area and a thickness in the range of 3–9 planes, according to the 
expansion process. Therefore, the material has the ability to increase 
the electronic interactions with other molecules, exploiting its cyclic 
nature and the electronic cloud that can merge with other rings or 
protonated/deprotonated chemical groups [35,36]. Moreover, the use 
of microwave irradiation ensures a fast and cheaper procedure in terms 
of time (30 s) and energy needs (lower than a thermal approach carried 
out in an oven), and the experimental conditions are solvent-free, re-
ducing potential side effects and secondary reactions. The subsequent 
formation of nanoplatelets occurred as dispersion in isopropyl alcohol, 
under ultrasound, that ensures the rearrangement of graphene layers to 
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form nanostructures with the two-dimensional lateral sides having sizes 
of about 10 μm, as shown in Fig. 1, and a thickness of 5 nm. 

Isopropyl alcohol is less aggressive than other commonly used sol-
vents, protects graphene against chemical modifications or aggrega-
tions and ensures the FLG stabilization in aqueous medium due to the 
interactions between its hydroxyl groups and the graphene π-surface or 
the edges, preserving the thermal properties of the material [37–39]. 
The resulting FLG was characterized by high graphitic sp2 character and 
the presence of oxygenated groups was negligible [33,40,41]. 

3.2. Hydrogel formation 

The gelation mechanism of our material is due to the chemical 
cross-linking between the carboxyl groups of polyacrylic acid and the 
hydroxyl moieties of agarose. The microwave irradiation causes a 
temperature increase to ca. 80 °C, enhancing the macromer mobility, 
and thus the short-range interconnections among functional groups of 
the polymers. This leads to the production of local networks (also 
known as microgels) which, as polycondensation proceeds, give rise to 
the final hydrogel matrix. During the sol-gel transition, the viscosity 
progressively increases, decreasing the mobility of macromers and al-
lows closer functional groups still react efficiently. The resulting phy-
sico-chemical condition promotes the ‘welding’ between microgel sur-
faces, giving rise to the three-dimensional macrostructure [42]. The 
choice to use carbomer and agarose was due to their well-known bio-
compatible features that make them good candidates in therapeutic 
protocols and tissue engineering: carbomer also possesses an anti-in-
flammatory action [43,44], and agarose shows tunable properties sui-
table for medicine-oriented applications, such as permeation to oxygen 
and nutrients, resemblance to extracellular matrix components and low 
immunogenicity [45,46]. Furthermore, the microwave-assisted ap-
proach ensures the design of hydrogels able of in situ forming, offering a 
major advantage over rigid scaffolds because they can easily adapt to 
any shape and can also be introduced using minimally invasive pro-
cedures. In this work, the hydrogel building blocks were made up 
mostly of CeC bonds, where FLG was entrapped through physical in-
teractions, without affecting the peculiar properties of graphene, as 
shown in Fig. 2. For these reasons, FLG was added after microwave 
irradiation, during the sol-gel transition. Similarly, the drug was firstly 
added to the FLG solution and added to the polymer solution following 
microwave irradiation, in order not to affect the reciprocal interactions 
between diclofenac and FLG. In particular, the drug molecules non-
covalently adsorb onto or wrap around the graphene surface, due to the 
π-π and physical bonds formation (Supplementary material). Indeed, 
the covalent functionalization of graphene generally include two 

different routes: the formation of covalent bonds between free radicals 
or dienophiles and C]C bonds of the pristine graphene or between 
organic functional groups and the oxygen groups of graphene oxide 
[2,47]. 

SEM analysis (performed on fracture surfaces of lyophilized samples, 
and included as Supplementary material) confirmed homogeneous FLG 
dispersion in the HG matrix, ruling out the presence of FLG agglomerates. 

Raman analysis, in Fig. 3, shows the spectra of neat and graphene- 
laden hydrogels. In pristine HG (Fig. 3A), the signal at 3438 cm−1 can 
be ascribed to the stretching vibration of the residual OeH groups, 
whereas the peak at 2954 cm−1 is related to the CeH stretch of the 
polymer backbone. The formation of ester bonds can be traced back to 
the asymmetric CO2 stretching at 1476 cm−1 and to the CeOeC stretch 
vibration in the range 900–1000 cm−1, which can be ascribed to the 
glycosidic bond between the monosaccharide units of agarose and the 
formed ester groups. 

The Raman spectrum of FLG-HG (Fig. 3A) shows all the peculiar 
peaks of pristine HG (the OeH stretching at 3471 cm−1, the CeH 
stretching at 3000 and 2950 cm−1, and the asymmetric CO2 stretching 
of esterification at 1465 cm−1), even if partially covered by graphene 
bands (D band = 1353 cm−1, G band = 1585 cm−1 and 2D 
band = 2718 cm−1), suggesting that the FLG intercalation did not 
chemically modify the hydrogel matrix and the graphene layers were 
entrapped within the mesh size through physical bonds. An additional 
check was carried out through ATR/FT-IR analysis, that ensured a clear 
detection of the characteristic peaks of chemical cross-linking between 
carbomer and agarose, and the absence of chemical shift following the 
embedding of FLG (Supplementary material). 

Nevertheless, a furthered analysis of OeH and CeH bond stretching 
confirms the nature of interaction between FLG and hydrogel matrix. 
The intermolecular interactions occurring in the studied system can be 
divided into two main groups: site-specific polar (polar π interaction, in 
our case hydrogen bonding due to hydroxyl and carboxylic groups) and 
non-specific dispersive interactions (London–van der Waals interac-
tions, related to CeH instantaneous dipole moments). The two types of 
interactions are highlighted by the change in relative intensity of OeH 
and CeH bond stretching. In Fig. 4A, the normalized intensity and peak 
area of CeH stretching at 3000 cm−1 and OeH stretching at 
3471 cm−1 are reported vs. peak at 2950 cm−1, which was set as in-
ternal reference. This evaluation demonstrated that FLG was physically 
entrapped in the hydrogel matrix generating intramolecular interaction 
with the polymer. The presence of FLG promoted the dispersive inter-
action, as detectable by the increased value of the 3000 cm−1/ 
2950 cm−1 ratio, both in intensity and peak area, in FLG-HG (Fig. 4A, 
black columns) compared to the neat hydrogel matrix (Fig. 4A, red 
columns), and hinder the polar interactions resulting in the decreasing 
of the value of the 3471 cm−1/2950 cm−1 ratio, both in intensity and 
peak area, in FLG-HG (Fig. 4A, black columns) compared to HG 
(Fig. 4A, red columns). This is in agreement with previous literature 
(Belyaeva and coworkers [48]) that shows how the transparency of FLG 
to polar and dispersive interactions may vary upon the nature of the 
supporting substrate, as well as the number of graphene layers and the 
presence of contaminants and defects at the FLG/substrate interface. In 
particular, in the presence of corrugations in the FLG structure (as re-
liably occurring in our system), FLG is reported to screen polar inter-
actions, while transmitting dispersive ones. 

The reciprocal π-π and physical interactions between diclofenac and 
graphene are confirmed by a shift of the G band, as reported in Fig. 4B. 
The G-band of pristine FLG, located at 1581.45  ±  0.06 cm−1, ex-
periences a shift of 1.3 cm−1 due to the interaction with diclofenac, 
proving the carrier-drug bond through π-π interactions. 

3.3. Hydrogel physical properties 

The peculiar feature of hydrogels is their capacity to retain a high 
amount of water and ensure exchange and diffusion of molecules with 

Fig. 1. Scanning electron micrograph of graphene nanoplates.  
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the surrounding environment. The water uptake capacity is a function 
of the network structure, in terms of concentration of the elastic chains, 
hydrophilicity, density of electronic charge of the functional groups, 
and pore size [49]. The addition of FLG could affect the polymer chains 
stretching during the exposure to aqueous solvents, altering the swel-
ling and the equilibrium water content. We investigated this aspect at 
different temperatures and compared the FLG-HG samples to those 
pristine HG. As shown in Fig. 5, HG shows higher water uptake at 
equilibrium than FLG-HG at 25 °C (6300  ±  200% vs. 5000  ±  200% 
after 24 h). At 37 °C and 44 °C, instead, HG and FLG-HG show similar 
trends and reach the same swelling equilibrium, with FLG-HG only 
showing an increased water uptake vs. pristine HG in the initial phase of 
swelling. These results could be explained considering the nature of 
FLG: at RT, its hydrophobicity and the physical interaction between the 

π-system and the residual hydroxyl and carboxyl groups counter-
balances the polymer chains elongation, resulting in an opposite force 
to the swelling; increasing the temperature, the mobility of cross-linked 
polymer tends to increase and the thermal transfer ability of FLG [50] 
supports the scaffold stretching, also inducing a more swollen config-
uration in the first minutes at 44 °C. Therefore, the presence of FLG 
results in a temperature-dependent modulation of the initial hydrogel 
swelling behavior. Generally, the equilibrium between the hydrophobic 
and hydrophilic polymer moieties controls the water uptake ability of 
the hydrogel [51,52]: here, the presence of graphene nanofiller con-
tributes to the definition of the equilibrium state in aqueous medium. 

Rheological studies were carried out to characterize the viscoelastic 
behavior of the hydrogel samples. Notably, the FLG loading could affect 
the scaffold capacity to store energy elastically, promoting a 

Fig. 2. Synthesis of graphene-laden hydrogel and putative matrix chemical structure: ester bonds (cross-linking points) are highlighted in red. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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reinforcement in the mechanical properties or modulating the de-
formation of polymer chains due to the nanoplatelet physical hin-
drance. Fig. 6A shows the recorded data for HG and FLG-HG. All 
samples presented a storage modulus G′ approximately one order of 
magnitude higher than the corresponding loss modulus G″, indicating 
that the hydrogels are elastic rather than viscous materials, with an 
essentially frequency-independent behavior. Moreover, the physisorp-
tion of FLG modulates the G′ and G″ values at all investigated tem-
peratures. At 25 °C, FLG led to an increase in the storage modulus 
compared to the HG reference: FLG-HG exhibited G′ = 1800 Pa, 
whereas HG was characterized by a value of G′ = 1200 Pa; this result 
could be attributed to the formed physical cross-linking points between 
graphene and the polymeric chains which may strengthen the gel net-
work [53] and enhance its mechanical properties. Indeed, after FLG 
incorporation during the microwave-assisted synthesis, the π-lattice is 
responsible for the physical complexation of graphene with polymer 
carboxyl and hydroxyl groups, mainly through electron-based 

interactions and hydrogen bonds [39], limiting the movement of 
polymeric chains. Regarding G″, the viscous component was not sig-
nificantly influenced by FLG. 

On the other hand, at 37 °C and 44 °C, the graphene-laden hydrogels 
were characterized by lower G′ and G″ than the corresponding HG 
samples, showing an opposite trend compared to 25 °C. The decrease 
could be related to the rise of molecular mobility [54]: temperature 
increase promotes polymer chains elongation and the weak physical 
bonds (Van der Waals and hydrogen linkage) formed with FLG are 
minimized due to the enhanced thermal vibration mode of the π system 
and the consequent phonon dissipation that reduces the cross-linking 
feasibility in the hydrogel matrix [55]. For these reasons, FLG-HG at 
37 °C and 44 °C showed comparable viscoelastic trend (G′ varies in the 
range 400–340 Pa and 456–377 Pa, respectively), with a slightly higher 
deformability at 37 °C. The latter could be explained considering the 
agarose and polyacrylic acid thermal response: by increasing the tem-
perature, the polymer chains become more elongated and in particular 
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agarose, due to its helix conformation, tends to be entangled giving rise 
to micro-concentrated junctions area, assisted by formation of in-
tramolecular hydrogen bonds [56,57]. This behavior is also oriented by 
the presence of chemical cross-linking points (ester bonds) between the 
constituents of the hydrogel matrix [58], suppressing the stress con-
centration during the tensile measurement [59]. As a result, the sample 
carried out a higher value of viscous component at 44 °C. Moreover, 
FLG effectively restricts the flexibility of polymer chains due to its rigid 
hindrance that limits the mean free path. Similar trends can be ob-
served in HG rheology, with higher value of G″ at 37 °C and 44 °C than 
HG-FLG, justified by the absence of graphene constraints. 

The rheology sweep test (Fig. 6B, C and D) evaluates also the flow 
stress value, at which the contribution of G″ is equal to G′ (crossover 
point) and determines the value of the material damping tan(δ), re-
presentative of the internal friction between the hydrogel meshes in 
that condition. At low strain, G′ and G″ of FLG-HG and HG indicate a 
network of packed polymeric chains and the correlation with tan(δ) 
confirmed for both hydrogels a solid-like response rather than a liquid- 
like behavior. Moreover, the intersection of storage and loss moduli 
occurs at similar values in both samples at 37 °C (Fig. 6C, at shear stress 
τ = 16.8 Pa in FLG-HG and τ = 14.8 Pa in HG) and 44 °C (Fig. 6D, at 
shear stress τ = 16 Pa and τ = 18.8 Pa), whereas at 25 °C the crossover 
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Fig. 6. Rheological behavior of graphene-laden hydrogels at 25 °C (G′ ● black, G″ ▲ black, tan(δ) ■ violet), at 37 °C (G′ ● red, G″ ▲ red, tan(δ) ■ violet) and at 
44 °C (G′ ● blue, G″ ▲ blue, tan(δ) ■ violet) and hydrogels without graphene at 25 °C (G′ ○ black, G″ △ black, tan(δ) ■ green), at 37 °C (G′ ○ red, G″ △ red, tan(δ) 
■ green) and at 44 °C (G′ ○ blue, G″ △ blue, tan(δ) ■ green). A) G′ and G″ trends in frequency range 0.5–50 Hz; B) crossover point at 25 °C; C) crossover point at 
37 °C; D) crossover point at 44 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

E. Mauri, et al.   Materials Science & Engineering C 118 (2021) 111353

7



is slower in graphene-laden samples (at shear stress τ = 8.8 Pa) com-
pared to standard hydrogel (at shear stress τ = 14.4 Pa) indicating 
higher stiffness in the chemical network containing FLG. 

3.4. Drug release 

Prior to the determination of drug release profile, the potential re-
lease of FLG from the hydrogel was ruled out (Supplementary material). 
Diclofenac is a nonsteroidal anti-inflammatory drug, derived from the 
phenylacetic acid class, with known analgesic and antipyretic proper-
ties, and commonly used in the treatments of a wide range of acute or 
chronic pain conditions [60,61]. Its chemical structure involves a 
phenylacetic acid group and a phenyl ring containing two chlorine 
atoms and the resulting configuration ensures the maximal twisting of 
the phenyl ring and provides π-π binding with other molecules or 
substrates. The addition of diclofenac to the FLG aqueous suspension 
gave rise to strong medium-range interactions among π-orbitals of the 
aromatic substituents and resulted in physical adsorption of single drug 
molecules on FLG lattice. Moreover, the inner nature of pristine gra-
phene with defects or vacancies [62] could promote hydrogen bonds, 
Van der Waals and hydrophobic interactions based on the bond inter-
action energy and polarizability, as widely discussed in the literature 
[63–65]. Exploiting the magnitude of π-π interactions, we investigated 
the potential effect of temperature in modulating drug release profile.  
Fig. 7 shows the release profiles of diclofenac from FLG-HG and HG 
samples, at 25 °C, 37 °C and 44 °C. 

The cumulative drug release from HG samples was approximately 
the same at each condition, defining a temperature-independent release 
kinetic. After 6 h, almost the entire drug payload was released from the 
polymer meshes. This evaluation is in accordance with the increased 
molecular mobility and polymer elongation, which occur at tempera-
ture exceeding RT and promote the drug escape as driven by diffusion 
and concentration gradient [66]. Otherwise, the presence of FLG af-
fected the amount of released drug over time: at 25 °C a plateau at 52% 
was reached, whereas at 37 °C and 44 °C complete release was achieved 
after 6 h. This means that FLG in the hydrogel, preserving its peculiar 
structural features, is able to establish physical interactions with di-
clofenac, tuning its release in a temperature-dependent fashion: at RT, 
the π orbitals of FLG and diclofenac are strongly connected, probably 
due to the reciprocal delocalization of π electrons, and in aqueous en-
vironment they are quite stable to limit the amount of released active 
principle. Increasing the temperature, a distortion of this physical set- 
up occurs, due to the increased molecular energy that overcomes the 
adsorption energies and enhances the dissipative forces [65]. This re-
sults in a drug desorption caused by the reduced stability of the π-π 
interactions. In addition, the drug release profiles within the first hours 
follow different trends (Fig. 8): we observed that the higher is the 
temperature, the higher the percentage of released diclofenac. Thus, it 

is possible to modulate the drug release from FLG-HG via temperature 
variation, and therefore this material represents a promising tool for 
therapeutic thermally-triggered approaches. A simple expression of 
these behaviors can be heuristically written as the sum of the diffusion- 
controlled and relaxation-controlled drug delivery, referring to the 
well-known Peppas equation [67,68] (Eq. 2): 

=M
M

ktt n
(2) 

where Mt represents the cumulative amounts of drug released at time t, 
and M∞ is the total amount of drug in the system (release at infinite 
time), k is the constant of apparent release and n the diffusion exponent. 
This power law is extensively used to describe the trend of the release 
curves [45,69,70]. The fitting of the FLG-HG experimental data shows 
significant differences trends in k and n values, confirming the thermal 
trigger effect of FLG. 

In detail, the constant k shows significantly different values when 
comparing the experiments at 25 °C to those performed at 37 °C and 44 °C 
(in both cases, p  <  0.0001), and a significant difference is also visible 
between 37 °C and 44 °C (p  <  0.05). Furthermore, the diffusion exponent n 
shows significantly different values between RT and higher temperatures 
(p  <  0.05 for 25 °C vs. 37 °C; p  <  0.01 for 25 °C vs. 44 °C), confirming the 
thermal π-π effect FLG-drug in the diffusion regime. The presence of FLG 
affects the drug release diffusion regime naturally occurring in neat hy-
drogels, at all the investigated temperatures, tuning the amount of released 
diclofenac according to temperature increase, which led to overcome the 
binding energy of the attractive, noncovalent interactions between the 
aromatic rings. These differences in drug release profiles are not observable 
in HG specimens, where the trends are extremely similar at all tempera-
tures; the influence of the graphene nanofiller is clearly detectable at 25 °C, 
while differences at 37 °C and 44 °C appear less marked. Overall, these data 
demonstrate that it is possible to perform a thermally triggered drug release 
without functionalization of graphene or its orthogonal grafting to specific 
chemical groups. 

3.5. Cytotoxicity 

The potential toxicity of synthetized HG and FLG-HG was assayed 
on hydrogel extracts in cell culture medium. Results in Fig. 9 confirm 
the good biocompatibility for both formulations, with an overall cell 
viability above 90% for extract initial concentration, that further rises 
to over 98% at 1:10 dilution. 

3.6. Diclofenac: the effect on COX inhibition 

The potential application of the proposed graphene-laden hydrogels 
could not be addressed without assessing the preservation of drug ac-
tivity following its release. In particular, we studied its COX inhibition 
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activity. COX is an enzyme responsible for the synthesis of prostanoids 
from arachidonic acid and expressing peroxidase activity. In details, 
COX-1 is normally involved in cellular homeostasis and it is constitutive 
of different cell types, whereas COX-2 is expressed under acute in-
flammatory conditions [71,72]. We compared the COX inhibition effect 
of the drug released by FLG-HG specimens after 24 h to the activity of 
the same amount of neat diclofenac directly administered as aqueous 
solution (0.25 mg/mL), using a fluorometric COX inhibition assay. The 
results are reported in Fig. 10. 

The measurements of COX activity in the absence (hereinafter 
CTRL) and in the presence of the drug are plotted as RFU over time 
(Fig. 10A) and the fitting of the recorded data shows a significant 
variation (p  <  0.05) in the slope of the regression line of CTRL com-
pared to all other samples treated with diclofenac, but no significant 
differences in terms of COX inhibition have been recorded comparing 
pure diclofenac solution to the drug released by FLG-HG at the different 
temperatures (Fig. 10B). This means that the interactions between the 
drug and FLG did not affect the therapeutic properties of diclofenac and 
graphene could be considered as a useful filler to perform a thermally 

triggered drug release. 

4. Conclusions 

In this work, we propose the formulation of graphene-laden hy-
drogels for thermally triggered drug release. In particular, graphene 
was used in its pristine form, without the need of oxidation/reduction 
processes to reach a homogeneous distribution within the hydrogel. The 
resulting material meets the criteria of biocompatibility for applications 
in the biomedical field and its drug release profile shows an amenable 
dependence on the temperature in a physiologically relevant range. 
Furthermore, the possibility of modulating the drug delivery up to 44 °C 
defines these composite hydrogels as a promising tool for thermally 
triggered drug release in several healthcare scenarios. In light of their 
gelation mechanism and rheological behavior, the hydrogels may also 
be suitable for an application as injectable media, overcoming the main 
constraints related to the use of solid-like devices. 
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Fig. 9. Results of MTT assay performed on BALB/3T3 cells supplemented with 
biomaterial extracts at different titers (FLG-HG in black, HG in grey). Cell 
viability was normalized to that of non-treated control cells. 
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