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ARTICLE INFO ABSTRACT

Keywords: Functionalized graphene oxide (GO) and reduced GO (rGO) based nanomaterials hold a great potential for
Antibacterial activity cancer photothermal therapy. However, their systemic administration has been associated with an accelerated
Cancer

blood clearance and/or with suboptimal tumor uptake. To address these limitations, the local delivery of GO/
rGO to the tumor site by 3D matrices arises as a promising strategy. In this work, injectable chitosan-agarose in
situ forming thermo-responsive hydrogels incorporating GO (thermogel-GO) or rGO (thermogel-rGO) were
prepared for the first time. The hydrogels displayed suitable injectability and gelation time, as well as good
physicochemical properties and cytocompatibility. When irradiated with near infrared (NIR) light, the ther-
mogel-rGO produced a 3.8-times higher temperature increase than thermogel-GO, thus decreasing breast cancer
cells' viability to 60%. By incorporating an optimized molar ratio of the Doxorubicin:Ibuprofen combination on
thermogel-rGO, this formulation mediated a chemo-photothermal effect that further diminished cancer cells'
viability to 34%. In addition, the hydrogels' antibacterial activity was further enhanced upon NIR laser irra-
diation, which is an important feature considering the possible risk of infection at the site of administration.
Overall, thermogel-rGO is a promising injectable in situ forming hydrogel for combinatorial chemo-photothermal
therapy of breast cancer cells and NIR light enhanced antibacterial applications.

Chemo-photothermal therapy
Graphene family nanomaterials
Injectable hydrogel

accumulate at the tumor site [14]. To overcome this drawback, GO and
rGO have been functionalized with poly(ethylene glycol) (PEG) deri-

1. Introduction

During this last decade, 2D nanomaterials (e.g. black phosphorus
nanostructures [1-6], Boron nanosheets [7], Antimonene-based nano-
materials [8-10], MXene [11,12]) have emerged in different fields. In
particular, the unique physicochemical, optical and mechanical prop-
erties of graphene oxide (GO) and reduced graphene oxide (rGO) have
propelled their use in different biomedical applications, such as cancer
photothermal therapy (PTT) [13-19]. These materials are capable of
absorbing near infrared (NIR) light, producing a temperature increase
upon irradiation that can ablate the cancer cells [20-22]. In this regard,
rGO displays a higher photothermal capacity than GO, due to its im-
proved NIR absorption [22].

Despite their photothermal capacity, as-synthesized GO and rGO are
rapidly cleared from circulation, hindering their ability to passively
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vatives [23-26]. Nevertheless, recently it was uncovered that anti-PEG
antibodies are produced after the intravenous administration of PE-
Gylated graphene derivatives, which in turn mediate the rapid clear-
ance of this material from the blood circulation in subsequent injections
(known as the accelerated blood clearance phenomenon) [27]. Such is
further aggravated by the fact that an exhaustive literature analysis just
unveiled that less than 1% of the injected nanomaterials' dose reaches
the tumor [28]. In this way, the development of new GO/rGO delivery
strategies capable of overcoming the limitations associated with the
systemic administration of these nanomaterials is of upmost im-
portance.

The local delivery of GO/rGO at the tumor site by 3D matrices is a
promising strategy to enhance the therapeutic potential of these
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nanomaterials. For instance, we have previously demonstrated that 3D
printed scaffolds' properties are enhanced by incorporating GO and rGO
in the scaffolds' matrices [29,30]. However, for a cancer related ap-
plication, a 3D matrix incorporating GO/rGO should be administrable
at the tumor site using a minimally invasive procedure with reduced
risk of infection [31-33]. In this context, injectable hydrogels ex-
hibiting in situ gelation capabilities hold a great potential for mediating
a tumor-confined delivery of GO/rGO with minimal systemic exposure
[32]. So far, the majority of the prepared injectable hydrogels con-
taining GO or rGO are based on synthetic polymers (e.g. poly(N-iso-
propylacrylamide), polyethylenimine and poloxamers) [34,35]. How-
ever, the use of natural polymers for preparing the injectable hydrogels
is far more attractive, since these display an improved biocompat-
ibility/degradability and may introduce additional functionalities such
as antibacterial activity or thermo-responsive gelation [36-38]. In this
way, the formulation of natural polymer-based injectable hydrogels
incorporating GO/rGO opens a venue for the preparation of multi-
functional systems that can be applied for cancer photothermal therapy,
NIR-enhanced drug delivery and antibacterial activity.

In this work, injectable chitosan-agarose in situ forming thermo-re-
sponsive hydrogels incorporating GO (thermogel-GO) or rGO (ther-
mogel-rGO) were prepared for the first time. Chitosan was chosen due
to its antibacterial activity, while agarose was selected due to its ability
to mediate a thermo-responsive gelation [39-43]. The hydrogels dis-
played suitable injectability and gelation time, as well as good physi-
cochemical properties and cytocompatibility. When irradiated with NIR
light, the thermogel-rGO was able to produce a 3.8-times higher tem-
perature increase than thermogel-GO due to the increased photo-
thermal capacity or rGO. Consequently, the PTT mediated by ther-
mogel-rGO could decrease breast cancer cells' viability to 60%, while
that induced by thermogel-GO only reduced to 73%. By incorporating
an optimized molar ratio of the Doxorubicin:Ibuprofen (DOX:IBU)
combination on thermogel-rGO, this formulation mediated a chemo-
photothermal effect that further diminished cancer cells' viability to
34%. The hydrogels' antibacterial activity, an important feature con-
sidering the possible risk of infection at the injection site, was also
enhanced upon NIR laser irradiation.

2. Materials and methods
2.1. Materials

Agarose (low melting point-ultrapure grade) was obtained from
Nzytech (Lisbon, Portugal). Chitosan (medium molecular weight), GO
nanocolloids, Phosphate buffered saline (PBS), Dulbecco's modified
Eagle's medium F-12 (DMEM-F12), penicillin/streptomycin, trypsin,
resazurin and LB broth were purchased from Sigma Aldrich (Sintra,
Portugal). r-ascorbic acid was bought from Fisher Scientific (Oeiras,
Portugal). Acetic acid was acquired from Pronalab (Barcelona, Spain)
and lysozyme from chicken egg was purchased from Alfa Aesar
(Haverhill, MA, USA). Michigan cancer foundation-7 (MCF-7) cell line
was obtained from ATCC (Middlesex, UK). Normal human dermal fi-
broblasts (NHDF) were acquired from Promo-Cell (Heidelberg,
Germany). Fetal bovine serum (FBS) was bought from Biochrom AG
(Berlin, Germany). Staphylococcus aureus clinical isolate (S. aureus;
ATCC 25923) and Escherichia coli DH5a (E. coli) were used to evaluate
the antimicrobial properties. Doxorubicin was acquired from
Carbosynth (Berkshire, UK). Ibuprofen was obtained from Tokyo
Chemical Industry (Tokyo, Japan). Water used in all experiments was
double deionized (0.22 ym filtered, 18.2 MQ cm).

2.2. Methods
2.2.1. Preparation of the different hydrogels

The hydrogels based on agarose and chitosan were prepared by
adapting a protocol previously described elsewhere [38]. Initially,
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different contents of agarose and chitosan were screened in order to
disclose the conditions that yield hydrogels with adequate injectability
and gelation time (Table S1). For such, a heated solution of agarose
(dissolved in water) was mixed with a solution of chitosan (dissolved in
1% acetic acid solution). This agarose-chitosan solution (final volume
of 1 mL) was then loaded into a syringe and extruded (200 pL per
template) into hollow cylindrical and removable templates (¢ = 8 mm;
height = 4 mm) in order to attain hydrogels with uniform macroscopic
features. To assess hydrogels' gelation time, the agarose-chitosan solu-
tion was also extruded to microtubes and the time required to achieve
complete gelation was determined.

The best performing hydrogel formulation (prepared using 10 mg of
agarose and 10 mg of chitosan in a final volume of 1 mL, termed as
thermogel from here on) was selected to incorporate the graphene fa-
mily nanomaterials. The hydrogels incorporating GO (thermogel-GO)
were formulated by adding GO (50 pg) to the agarose-chitosan solution,
prepared following the protocol described above. Similarly, the hy-
drogels incorporating rGO (thermogel-rGO) were formulated through
the addition of environmentally friendly rGO (50 pg; attained by
treating GO with 3 mM of 1-ascorbic acid for 60 min at 80 °C [22]) to
the agarose-chitosan solution. The gelation time of these hydrogels was
determined as described above. For the remaining assays, these hy-
drogels were also assembled by using the hollow cylindrical molds
(200 pL per template).

2.2.2. Characterization of the hydrogels

The swelling profile of the hydrogels was determined following a
method described in the literature [38]. In brief, thermogel, thermogel-
GO and thermogel-rGO were immersed in a PBS solution (pH 7.4) at
37 °C, under stirring. At predetermined intervals, the hydrogels were
removed from the PBS solution, weighted and then immersed in a new
PBS solution. The swelling ratio was determined using the following
equation (W, and W; represent the final and initial weight of the gels,
respectively):

Swelling Ratio (%) = (u) X 100
Wi (€8]
Hydrogels' degradation profile was studied by incubating each hy-
drogel in a PBS solution (pH 7.4; 10 mL) containing Lysozyme
(13.6 mg/L), at 37 °C, under stirring for 14 days [30]. Throughout the
assay, the PBS-enzyme solution was replaced twice a day. At pre-
determined time points, the hydrogels were recovered, rinsed with
water, freeze-dried and then weighted. The weight loss at the given
times was calculated having into account the following equation (W;
and W, represent the hydrogels' initial weight and the hydrogels' weight
at time t, respectively):
W — W
W

Weight loss (%) = ( ) x 100

(2)

i

The photothermal capacity of thermogel, thermogel-GO and ther-
mogel-rGO was assessed by following a protocol described elsewhere
[22]. In brief, the different gels were immersed in water, and then were
exposed to NIR light (808 nm, 1.7 W/cm?) over a period of 10 min. The
temperature changes were monitored using a thermocouple thermo-
meter. Water was used as control. Additionally, Scanning Electron
Microscopy (SEM) images of the different hydrogels were taken to
analyze the hydrogels' morphology (acceleration voltage of 20 kV using
a Hitachi S-3400N scanning electron microscope (Japan)).

The rheological characterization was carried out in a Thermostated
Brookfield DV3T cone-plate rheometer using a CP52Z or CP40Z cone
(Brookfield Ametek, Massachusetts, USA), with a sample volume of
0.5 mL [44]. The viscosity of the samples was assessed at 25 °C at in-
creasing speeds (20-250 rpm). For the thixotropic behavior test, the
samples were subjected to an increase and immediate decrease in the
shear rates (80 to 500 s~ 1). To assess the thermo-responsiveness, the
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samples' viscosity at various temperatures was measured at a constant
shear rate (80 s™1). For all assays, the results were not considered for
the analysis if the torque value was superior to 95%.

For analyzing the long-term stability of the hydrogels, these were
formulated and stored at 4 °C, during 7 days. Afterwards, the for-
mulations were re-heated and their re-injectability and re-gelification
were evaluated.

2.2.3. Evaluation of hydrogels' cytocompatibility

The cytocompatibility of the hydrogels was assessed against MCF-7
cells and NHDF using the resazurin method [45]. For the cell culture
assays, both cell lines were cultured in DMEM-F12 supplemented with
10% (v/v) of FBS and 1% (v/v) of penicillin/streptomycin in a humi-
dified incubator (37 °C, 5% CO,). In brief, 2 x 10* cells/well were
seeded in 12-well plates. After 24 h, the medium was changed and cells
were incubated with the thermogel, thermogel-GO and thermogel-rGO
for 24 and 48 h. Afterwards, the medium was replaced with fresh cell
culture medium containing 10% (v/v) of resazurin, and the cells were
incubated for another 4 h in the dark (37 °C, 5% CO,). Then, the cells'
viability was determined by analyzing the fluorescence of resorufin
(Nex = 560 nm; Aep, = 590 nm) in a Spectramax Gemini EM spectro-
fluorometer (Molecular Devices LLC, CA, USA). Non-treated cells and
cells incubated with ethanol (70% (v/v)) were used as the negative (K)
and positive (K*) controls, respectively.

2.2.4. Determination of hydrogels' NIR light-enhanced antibacterial activity

The NIR light-enhanced antibacterial activity of the gels was de-
termined against Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli), gram-positive and gram-negative bacterium, respectively, via
an agar diffusion method as reported elsewhere [30]. Briefly, 200 uL of
bacteria in growth medium, at a concentration of 1 x 10® Colony-
Forming Unit (CFU)/mL, were distributed onto an agar plate. After-
wards, 3 samples of the various hydrogels were placed onto the agar
cultured with the bacteria. After 4 h of incubation at 37 °C, the hy-
drogels were irradiated with NIR light (808 nm, 1.7 W/cm?, 10 min).
Upon reaching 24 h of incubation, photographs of the hydrogels were
taken, and the diameters of the inhibition halos were measured by using
the ImageJ software (National Institutes of Health). To investigate
bacteria growth at the hydrogels' surface, these were analyzed by SEM.

2.2.5. Evaluation of hydrogels' photothermal therapy towards breast cancer
cells

The photothermal therapy mediated by the hydrogels towards
breast cancer cells was assessed as previously described by our group
with slight adjustments [46]. For such, MCF-7 cells were seeded as
described in Section 2.2.3. and were incubated with the thermogel-GO
(10 pg/mL of GO) and thermogel-rGO (10 pg/mL of rGO). After 4 h of
incubation, the hydrogels were irradiated with NIR light (808 nm,
1.7 W/cm?) for 10 min. Upon reaching 24 h of incubation, the cells'
viability was determined using the resazurin method as described in
Section 2.2.3.

2.2.6. Combinatorial chemo-photothermal therapy mediated by thermogel-
rGO incorporating DOX and IBU

First, the optimal DOX:IBU combination towards MCF-7 cells was
determined in order to be incorporated on the thermogel-rGO for-
mulation (described in detail in the Supporting information). Then, the
thermogel-rGO precursor solutions were prepared as described in
Section 2.2.1, and the 1:5 molar ratio of the DOX:IBU combination was
incorporated into the polymeric matrix. The DOX and IBU release from
thermogel-rGODI(2x) was evaluated by placing this formulation in
contact with a PBS solution (pH 7.4) containing lysozyme (13.6 mg/L)
at 37 °C. At pre-determined time points, the solution was recovered and
replaced with a fresh PBS-lysozyme solution. Then, the content of DOX
and IBU in the recovered solutions was determined by absorption
spectroscopy [47].
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For the determination of the combinatorial chemo-photothermal
therapy mediated by the hydrogels, MCF-7 cells seeded as described in
the Section 2.2.3. were incubated with thermogel-rGODI(1x) (10 ug/mL
of rGO; 45.2 uM of the DOX:IBU 1:5 combination) or thermogel-rGODI
(2x) (10 pg/mL of rGO; 90.4 uM of the DOX:IBU 1:5 combination). After
4 h of incubation, cells were irradiated with NIR light (as described in
Section 2.2.5.). Finally, upon reaching 24 h of incubation time, cells'
viability was determined using the resazurin assay as described in
Section 2.2.3.

2.2.7. Statistical analysis

A One-way analysis of variance (ANOVA) with the student-
Newman-Keuls test was employed in multiple group comparisons. A p-
value lower than 0.05 (p < 0.05) was considered statistically sig-
nificant. All data are represented as the mean =+ standard deviation
(SD). The software GraphPad Prism v6.0 (Trial version, GraphPad
Software, CA, USA) was used for data analysis.

3. Results and discussion

3.1. Preparation and characterization of the injectable in situ forming
thermo-responsive hydrogels

Initially, different contents of agarose to chitosan were screened for
the preparation of the injectable in situ forming thermo-responsive
hydrogels (please see Table S1). The different agarose-chitosan solu-
tions were loaded into syringes and the resistance to extrusion (in-
jectability) was evaluated. This is of extreme importance since solutions
must be easily extruded to avoid any discomfort to patients [48]. Si-
multaneously, the time required for the solutions to form a gel was
assessed. This transition from liquid to a gel state is mediated by the
thermo-responsive behavior of agarose. From the different polymeric
solutions produced, the one prepared using 10 mg of agarose and 10 mg
of chitosan displayed good injectability and gelation time - Table S1
(the gel attained using this polymeric mixture is termed as thermogel
from here on).

Therefore, this polymeric formulation (10 mg of agarose + 10 mg of
chitosan) was selected to be loaded with GO and rGO, yielding ther-
mogel-GO and thermogel-rGO, respectively. As importantly, the addi-
tion of these graphene family nanomaterials to the gels did not affect
their gelation time nor their injectability (Fig. 1A). In fact, all the three
formulations attained gelation after 10 min (Fig. 1A). For the sub-
sequent studies, individual gels were assembled by dispersing their
respective polymeric solutions (200 pL per template) into cylindrical
molds in order to obtain thermogel, thermogel-GO and thermogel-rGO
with similar and uniform macroscopic characteristics (Fig. S1). The
analysis of the hydrogels' cross-section structure by SEM revealed that
these display a highly porous interconnected inner structure (Fig. S1).
Interestingly, the thermogel-GO and thermogel-rGO presented a uni-
form and well-ordered network, which could result from the GO/rGO
capacity to improve structures' mechanical properties [29,30].

Then, the swelling behavior of the hydrogels was investigated
(Fig. 1B). The three hydrogels exhibited similar swelling profiles, with
all the formulations reaching a maximum swelling that averages 24%
after 45 min of incubation (Fig. 1B). Afterwards, the swelling stabilized.
Such feature is crucial since an abrupt or high swelling would com-
promise the possible intratumoral application of the gels. This swelling
behavior is also in line with that of other injectable chitosan or agarose-
based hydrogels reported in the literature [49-51].

Then, the degradability of the hydrogels in biological-mimicking
conditions was investigated (Fig. 1C). In general, all the formulations
displayed an increased weight loss within the first day of incubation
(Fig. 1C). The weight loss of all the formulations were around 48-56%
after 14 days of degradation, thereby demonstrating a suitable de-
gradability for the aimed biomedical application. These degradation
behaviors are in agreement with that of other chitosan-based hydrogels
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Fig. 1. Characterization of the physicochemical properties of the injectable in situ forming hydrogels. Macroscopic images of the thermogel, thermogel-GO and
thermogel-rGO gelation (A). Evaluation of the hydrogels' swelling capacity over a period of 48 h (B). Determination of hydrogels' weight loss over a period of 14 days
(C). Temperature variation curves of the different hydrogel formulations during 10 min of irradiation (808 nm, 1.7 W/cm?) (D). Data represent mean *+ SD,n = 3.

[52]. As importantly, the hydrogels' biodegradation may enable their
application for therapeutics' delivery [36,52].

The rheological curves (Fig. S2A) revealed that the viscosity of all
the hydrogels decreases with an increase in the speed from 20 to
250 rpm, which indicates a non-Newtonian, shear thinning behavior
[44,53]. Furthermore, thermogel, thermogel-GO and thermogel-rGO
demonstrated a thixotropic behavior (Fig. S2B), meaning that the hy-
drogels become less viscous if a shear stress is applied and that then
they recover the solid form [54,55]. Additionally, the viscosity of the
hydrogels was influenced by the temperature, indicating their thermo-
responsive assembly (Fig. S2C).

Then, the stability of thermogel, thermogel-GO and thermogel-rGO
was analyzed (Fig. S3). All the formulations maintained their inject-
ability and thermo-responsive gelification even after storage at 4 °C for
7 days and subsequent re-heating, hence demonstrating a good long-
term stability (Fig. S3).

Subsequently, the photothermal capacity of the gels was de-
termined. The exposure of thermogel-GO to NIR light (808 nm, 1.7 W/
cm?) during a period of 10 min generated a temperature increase of
about 2.2 °C (Fig. 1D). In stark contrast, the thermogel-rGO produced a
temperature increase of about 8.1 °C (Fig. 1D). Such is in agreement
with the higher NIR absorption displayed by rGO in comparison to GO
[22]. Attaining such temperature increases is of paramount importance
since it can induce damage to cancer cells [56]. As expected, the irra-
diation of the thermogel did not cause a meaningful temperature in-
crease, since this formulation does not have any photothermal agent
within its matrix (Fig. 1D). Water (control) exposed to NIR light did also
not suffer any meaningful temperature increase, which is in agreement
with its weak/minimal interaction with 808 nm light [57]. The pho-
tothermal capacity of thermogel-rGO is in line with that of hyaluronic
acid-functionalized rGO previously synthesized by our group, sug-
gesting that the incorporation of rGO in the hydrogels' matrix does not

impair its photothermal capacity (8.1 °C vs. 10.7 °C at a concentration
of 10 pug/mL of rGO) [22]. In another work, injectable PEG-thiol-pal-
ladium nanosheets hydrogels produced a temperature increase of about
11 °C, but required a higher content of photothermal agent (60 pg/mL
of palladium nanosheets) [58]. These facts highlight the potential of
thermogel-rGO for photothermal therapy.

Finally, the cytocompatibility of the different hydrogels towards
MCF-7 cells (breast cancer cell model) and NHDF (healthy cells) was
investigated. Both cell lines incubated with the thermogel, thermogel-
GO and thermogel-rGO remained highly viable (> 72% cell viability),
thus suggesting the cytocompatible profile of these materials (Fig. 2).
As importantly, the viability of cells incubated with thermogel-GO and
thermogel-rGO was similar to those incubated with thermogel. These
results indicate that the incorporation of GO and rGO within the hy-
drogels' polymeric matrix does not impair the hydrogels' cytocompat-
ibility.

Taken together, these results show that the thermogel-GO and
thermogel-rGO display suitable physicochemical, optical and biological
properties to be explored as in situ forming injectable matrices for NIR-
responsive biomedical applications.

3.2. Hydrogels' NIR-light enhanced antibacterial activity

The local administration of in situ forming hydrogels can be per-
formed using a minimally invasive procedure [31]. Nevertheless, it still
carries some risk of infection at the injection site, demanding the use of
antibiotics [31].

Considering that the hydrogels contain chitosan in their composi-
tion, and that it has been widely described as an antibacterial agent
[59], the hydrogels' possible antibacterial activity against S. aureus and
E. coli (gram-positive and gram-negative bacteria, respectively) was
investigated via an agar diffusion method. The inhibition area induced
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by the thermogel, thermogel-GO and thermogel-rGO against S. aureus
was superior to that attained in E. coli (Fig. 3A and B). Such is consistent
with the fact that chitosan has a stronger antibacterial activity against
gram-positive bacteria due to the absence of an outer lipid membrane
[59,60]. Furthermore, the irradiation of thermogel-GO and thermogel-
rGO with NIR light (808 nm, 1.7 W/cm?, 10 min) further increased
their inhibitory activity (Fig. 3A and B). In particular, the inhibition
area of thermogel-rGO towards S. aureus increased from 22 to 34%
upon NIR laser irradiation (Fig. 3A). Such may be explained by the fact
that the higher photoinduced heat generated by thermogel-rGO could
enhance the chitosan dissolution from the hydrogels' polymeric matrix,
leading to an improved effect. The SEM analysis is also consistent with
these results since fewer bacterial populations were found at the surface
of the thermogel-GO and thermogel-rGO exposed to NIR light (Fig. S4).
Taken together, these results indicate that the thermogel-rGO can be
explored for NIR-light enhanced antibacterial applications.

3.3. Hydrogels' photothermal therapy towards breast cancer cells

After confirming the cytocompatibility of the thermogel-GO and
thermogel-rGO (Section 3.1.), their phototherapeutic capacity towards
breast cancer cells was investigated. For such, MCF-7 cells were in-
cubated with these formulations and then exposed to NIR light
(808 nm, 1.7 W/cm?, 10 min) - Fig. 4A. The combined action of ther-
mogel-GO and NIR light decreased MCF-7 cells' viability from 93 to
73% (Fig. 4B). In contrast, cells' viability was further decreased from 92
to 60% when these were treated with the thermogel-rGO plus NIR light
(Fig. 4B). The enhanced therapeutic effect induced by thermogel-rGO
upon NIR laser irradiation is consistent with its higher photothermal
capacity (Fig. 1D). As importantly, cells solely treated with NIR light

remained highly viable (Fig. 4B). Such result is in agreement with low/
minimal interactions of NIR light with biological components [61,62].
Furthermore, these results also attest that thermogel-rGO can produce
an improved on-demand phototherapeutic effect upon NIR laser irra-
diation.

Jiang and coworkers prepared a PEG-thiol-palladium nanosheets
hydrogel that in combination with NIR light (808 nm, 0.6 W/cm?,
10 min) decreased 4T1 cells' viability to about 54% [58]. Herein,
thermogel-rGO plus NIR light (808 nm, 1.7 W/cm?, 10 min) reduced
cell's viability to about 60% but required a lower content of the pho-
tothermal agent (rGO: 10 pg vs. palladium nanosheets: 60 pg).

3.4. Chemo-PTT mediated by thermogel-rGO incorporating DOX and IBU

After confirming the enhanced photothermal capacity of thermogel-
rGO, we investigated its ability to deliver a drug combination to cancer
cells. The use of drug combinations for cancer therapy is appealing
since these can act on multiple cancer hallmarks, overcoming drug
resistance mechanisms [63]. In this way, the local administration of
drug combinations through injectable hydrogels may overcome the
problems associated with the intravenous administration of free drugs
(e.g. low solubility and off-target toxicity), enabling an enhanced and
safer therapeutic effect [32].

Initially the efficacy of different DOX:IBU molar combination ratios
(from 5:1 to 1:5) towards MCF-7 cells was screened (Fig. S5). DOX was
selected since it is commonly used in combination with other che-
motherapeutic drugs (e.g Sorafenib and Docetaxel) for cancer therapy
[64,65]. IBU is a nonsteroidal anti-inflammatory drug that has potential
to be used as an anticancer agent [47,66]. As expected, the DOX:IBU
combination with a higher DOX content (5:1 DOX:IBU) displayed the
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Fig. 4. Schematic representation of the PTT mediated by thermogel-GO and thermogel-rGO (A). Effect of thermogel-GO and thermogel-rGO (at a concentration of
10 pg/mL of GO or rGO) towards MCF-7 cells without (W/O NIR) or with (W/ NIR) NIR laser irradiation (808 nm, 1.7 W/cm?, 10 min) (B). Data represent
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mean SD, n = 5. (****p < 0.0001), ns = non-significant.

lowest half maximal inhibitory concentration (ICsy) towards MCF-7
cells (Table S2). Such is in agreement with the fact that the determined
ICsp of DOX is lower than that of IBU (38.3 uM vs. 7738.8 uM; Table S2
and Fig. S5). Subsequently, the combination index (CI) of the different
combinations was determined (Fig. S5). Surprisingly, all the DOX:IBU
combinations mediated an antagonist effect (CI > 1) on the MCF-7
cells, with the exception of the 1:5 DOX:IBU combination which in-
duced an additive effect (CI = 1) (Fig. S5). The potential of the 1:5
DOX:IBU combination is herein unveiled for the first time, and it is of
paramount importance since it enables an optimal combinatorial ther-
apeutic effect using a lower dose of DOX (DOX presents a high off-target
toxicity and is costly [67]). In this way, the 1:5 DOX:IBU combination
was selected to be incorporated on the thermogel-rGO, yielding ther-
mogel-rGODI.

The thermogel-rGODI displayed an injectability and gelation time-
similar to that of thermogel-rGO (Fig. 5A), and its matrix was able to
release the loaded drug combination (Fig. S6). Then, the chemo-PTT
mediated by the thermogel-rGODI towards MCF-7 cells was in-
vestigated (Fig. 5B). For this purpose, cells were incubated with the
thermogel-rGODI containing 45.2 or 90.4 uM of the 1:5 DOX:IBU
combination (termed as thermogel-rGODI(1x) or thermogel-rGODI(2x),
respectively). The MCF-7 cells incubated with thermogel-rGODI(1x)
and thermogel-rGODI(2x) suffered a similar reduction on their viability
to about 75% (Fig. 5C). These results suggest that the thermogel-rGO
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matrix may be mediating a controlled delivery of the DOX:IBU com-
bination to cancer cells. However, when NIR light was combined with
the thermogel-rGODI(1x), the MCF-7 cells' viability decreased to 49%.
An even greater therapeutic effect was mediated by thermogel-rGODI
(2x) in combination with NIR light, by further diminishing cells' via-
bility to 34% (Fig. 5C). These results imply that the photothermal heat
generated by thermogel-rGODI may sensitize the cancer cells to the
therapeutics' action.

In another work, Qiu et al. developed agarose-based hydrogels in-
corporating PEGylated black phosphorus nanostructures and doxor-
ubicin, that could reduce MDA-MB-231 cells' viability to about 35%
upon NIR laser irradiation (808 nm, 1 W/cm?, 10 min; 500 pg/mL of
black phosphorus; 344 uM of DOX) [1]. In this work, the chemo-PTT
mediated by the thermogel-rGODI(2x) diminished cancer cells' viability
to 34% at a slightly higher radiation intensity (808 nm, 1.7 W/cm?,
10 min) but using a lower dose of therapeutics (90.4 uM of the 1:5
DOX:IBU combination). In this way, thermogel-rGODI is a promising
injectable in situ forming hydrogel for combinatorial chemo-PTT of
breast cancer cells.

4. Conclusions

In this work, injectable chitosan-agarose in situ forming thermo-re-
sponsive hydrogels incorporating GO and rGO were prepared for
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Fig. 5. Evaluation of the combinatorial chemo-PTT mediated by the thermogel-rGODI. Macroscopic images of the thermogel-rGODI gelation (A). Schematic re-
presentation of the combinatorial chemo-PTT mediated by the thermogel-rGODI (B). Effect of thermogel-rGODI (10 pg/mL of rGO; 45.2 uM and 90.4 uM of the 1:5
DOX:IBU combination for thermogel-rGODI(1x) and thermogel-rGODI(2x), respectively) against MCF-7 cells without (W/O NIR) or with NIR (W/ NIR) laser irra-

+

diation (808 nm, 1.7 W/cmz, 10 min) (C). Data represent mean

SD,n = 5. (****p < 0.0001), ns = non-significant.
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application in cancer therapy. The hydrogels displayed suitable inject-
ability and gelation time as well as good physicochemical properties
and cytocompatibility. When irradiated with NIR light, the thermogel-
rGO was able to produce a 3.8-times higher temperature increase than
thermogel-GO due to the increased photothermal capacity of rGO.
Consequently, the PTT mediated by thermogel-rGO could decrease
MCF-7 cells' viability to 60% while that generated by thermogel-GO
only reduced to 73%. By incorporating an optimized molar ratio of the
DOX:IBU combination on the thermogel-rGO, this formulation medi-
ated a chemo-photothermal effect that further diminished MCF-7 cells
viability to 34%. The hydrogels' antibacterial activity was also en-
hanced upon NIR laser irradiation, which is an important feature con-
sidering the possible risk of infection at the injection site. Overall,
thermogel-rGO is a promising injectable in situ forming hydrogel for
combinatorial chemo-PTT of breast cancer cells and NIR light enhanced
antibacterial applications.

In the future, determining the in vivo chemo-PTT effect mediated by
the thermogel-rGO and the gel's biodegradability will be crucial to
disclose the full therapeutic capacity and safety of this approach.
Furthermore, the selectivity of this strategy may be enhanced by
functionalizing the rGO nanosheets with targeting ligands while its
efficacy can be improved by increasing the rGO content in the for-
mulations. On the other hand, the NIR-enhanced antibacterial proper-
ties of thermogel-rGO may be combined with other antibacterial agents
(e.g. silver nanoparticles), opening a venue for wound healing appli-
cations.
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