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A B S T R A C T   

Nano-sized materials have been widely explored in the biomedicine field, especially due to their ability to 
encapsulate drugs intended to be delivered to cancer cells. However, systemically administered nanomaterials 
face several barriers that can hinder their tumor-homing capacity. In this way, researchers are now focusing their 
efforts in developing technologies that can deliver the nanoparticles directly into the tumor tissue. Particularly, 
hydrogels assembled using Thiol-Maleimide Michael type additions are emerging for this purpose due to their 
capacity to incorporate high nanoparticles’ doses in a compact 3D structure as well as good chemical selectivity, 
biocompatibility, and straightforward preparation. Nevertheless, such hydrogels have been mostly prepared 
using synthetic polymers, which is not ideal due to their poor biodegradability. In this work, a novel natural 
polymer-based Thiol-Maleimide hydrogel was produced for application in breast cancer chemo-photothermal 
therapy. To obtain natural polymers compatible with this crosslinking chemistry, Hyaluronic acid was 
endowed with Thiol groups and deacetylated Chitosan was grafted with Maleimide groups. Parallelly, Doxoru
bicin loaded Dopamine-reduced graphene oxide (DOX/DOPA-rGO) was prepared for attaining Near Infrared 
(NIR) light responsive chemo-photothermal nanoagents. By simply mixing Hyaluronic Acid-Thiol, deacetylated 
Chitosan-Maleimide and DOX/DOPA-rGO, Thiol-Maleimide crosslinked hydrogels incorporating this nano
material could be assembled (DOX/DOPA-rGO@TMgel). When breast cancer cells were incubated with DOPA- 
rGO@TMgel and exposed to NIR light (photothermal therapy), their viability was reduced to about 59 %. On 
the other hand, DOX/DOPA-rGO@TMgel (chemotherapy) reduced cancer cells’ viability to 50 %. In stark 
contrast, the combined action of DOX/DOPA-rGO@TMgel and NIR light decreased breast cancer cells’ viability 
to just 21 %, highlighting its chemo-photothermal potential.   

1. Introduction 

Nanomaterials hold a great potential to improve cancer treatment 
due to their potential to reach the tumor zone by passive and/or active 

targeting mechanisms (Attia et al., 2019; Rosenblum et al., 2018). 
Furthermore, these nanostructures can incorporate active ingredients (e. 
g., drugs, peptides) in their core, protecting them from premature 
degradation during blood circulation (Kumari et al., 2014; Mitchell 
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et al., 2021). As importantly, nanomaterials can be engineered to be 
responsive to a myriad of stimuli (e.g., pH, light), opening the possibility 
to control the onset of the therapeutic effect (Mura et al., 2013; Zhang 
et al., 2022b). 

Despite their potential, systemically administered nanomaterials 
face several barriers that hinder their full therapeutic capacity (Sriraman 
et al., 2014; Wilhelm et al., 2016). For instance, during circulation, 
nanomaterials can be covered by serum proteins, a phenomenon that 
alters their biodistribution (Sriraman et al., 2014; Wilhelm et al., 2016). 
Moreover, most nanomaterials are engineered to passively reach the 
tumor zone by taking advantage from the tumor’s leaky vasculature (the 
so-called Enhanced Permeability and Retention (EPR) effect) (Alavi and 
Hamidi, 2019; Rosenblum et al., 2018). However, the EPR effect is 
overexaggerated in most pre-clinical models (e.g., tumor-bearing mice), 
and it is not ubiquitously presented on human solid tumors (Dhaliwal 
and Zheng, 2019; Maeda, 2015). On the other hand, active targeting 
strategies, using nanomaterials decorated with ligands that bind to re
ceptors overexpressed on cancer cells, is also a complex approach 
(Bertrand et al., 2014). This strategy is dependent on the receptor 
availability and a multitude of parameters related to the ligand (e.g., 
density, spacer-arm length, shielding during circulation) (Pearce and 
O’Reilly, 2019; Zhang et al., 2020). These hurdles are further empha
sized by the fact that <1 % of the systemically administered nano
particles reach the tumor zone (Wilhelm et al., 2016). 

In this way, researchers are now shifting their attention from sys
temic administration approaches to focus their efforts on developing 
technologies that can deliver the nanoparticles directly into the tumor 
tissue (local administration). In this context, macroscale systems (e.g., 
hydrogels, microneedles, scaffolds) are emerging due to their capacity to 
sustain the nanomaterials’ delivery into the tumor site (Kearney and 
Mooney, 2013; Moreira et al., 2019; Sun et al., 2020). Moreover, some of 
these macroscale systems can also be implanted after the surgical 
resection of the tumor, having an important role in eliminating any re
sidual cancer cells and/or decreasing the likelihood of tumor’s recur
rence (Yang et al., 2021; Zhang et al., 2022a; Zhou et al., 2022). 

Among the different implantable macroscale systems, hydrogels 
present a unique set of characteristics. Hydrogels have a straightforward 
formulation that only requires the usage of hydrophilic polymers and 
crosslinking agents (Bashir et al., 2020; Bustamante-Torres et al., 2021). 
Moreover, the hydrogels’ hydrated polymer network acts as a giant 
reservoir that can accommodate nanomaterials as well as other thera
peutic agents (Hoare and Kohane, 2008; Li and Mooney, 2016). 
Hydrogels can also be assembled with a well-defined architecture, which 
is important for postoperative strategies since it enables the filling of the 
resected tissue (Askari et al., 2020). For such purpose, chemically 
crosslinked hydrogels appear to be more advantageous due to their 
greater mechanical strength and high crosslinking degree, resulting in a 
compact 3D structure (Dimatteo et al., 2018; Parhi, 2017). In this re
gard, hydrogels assembled using Thiol-Maleimide Michael type addi
tions offer a good chemical selectivity, biocompatibility, and do not 
require the use of initiators (that may be toxic) (Guaresti et al., 2019; 
Mather et al., 2006; Nair et al., 2014). However, such hydrogels have 
been mostly prepared using Poly(ethylene glycol) grafted with Thiol 
and/or Maleimide groups (Darling et al., 2016; Jansen et al., 2018; 
Shtenberg et al., 2017), which is not ideal considering the non- 
biodegradability of this synthetic polymer (Ewald et al., 2020; Wang 
et al., 2018). 

In this work, a novel natural polymer-based Thiol-Maleimide 
implantable hydrogel was produced for application in the chemo- 
photothermal therapy of breast cancer cells. In order to attain natural 
polymers compatible with this crosslinking chemistry, Hyaluronic acid 
was modified with Cysteine (HA-Thiol) and deacetylated Chitosan was 
grafted with Sulfo-SMCC (dCh-Mal). Parallelly, Dopamine-reduced 
graphene oxide (DOPA-rGO) was produced since our team previously 
demonstrated its good photothermal capacity in response to Near 
Infrared (NIR; 750–1000 nm) light as well as its suitable 

cytocompatibility (Lima-Sousa et al., 2021). Then, DOPA-rGO was 
loaded with the chemotherapeutic drug Doxorubicin (DOX/DOPA-rGO) 
in order to attain a nanomaterial with chemo-photothermal capabilities. 

By simply mixing HA-Thiol, dCh-Mal, and DOX/DOPA-rGO, Thiol- 
Maleimide crosslinked hydrogels incorporating this chemo- 
photothermal nanomaterial could be assembled (DOX/DOPA- 
rGO@TMgel). As control, Thiol-Maleimide hydrogels with only DOPA- 
rGO (i.e., without DOX) were also produced (DOPA-rGO@TMgel). 
Both DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel presented a 
suitable gelation as well as a good porosity. Upon interaction with NIR 
radiation, these hydrogels could produce a temperature increase of 
approximately 22 ◦C, revealing a good photothermal capacity. In in vitro 
studies, the DOPA-rGO@TMgel revealed a good cytocompatibility. 
When breast cancer cells were incubated with DOPA-rGO@TMgel and 
exposed to NIR light (hydrogels’ photothermal therapy), their viability 
reduced to about 59 %. On the other hand, DOX/DOPA-rGO@TMgel 
(hydrogels’ chemotherapy) diminished cancer cells’ viability to 50 %. 
In stark contrast, the combined action of DOX/DOPA-rGO@TMgel and 
NIR light decreased breast cancer cells’ viability to just 21 %, high
lighting its chemo-phototherapeutic potential. 

2. Materials and methods 

2.1. Materials 

Chitosan (Ch; medium molecular weight), Graphene Oxide nano
colloids, N-Hydroxysuccinimide (NHS), Cysteine, Dulbecco’s Modified 
Eagle’s Medium F-12 (DMEM F-12), Resazurin, Phosphate Buffered 
Saline (PBS), Fetal Bovine Serum (FBS) and Penicillin/Streptomycin 
were acquired from Sigma-Aldrich (Sintra, Portugal). 

3-Sulfo-N-succinimidyl 4-(maleimidomethyl)-cyclohexane-1-carbo 
xylate sodium salt (Sulfo-SMCC), Propidium Iodide (PI) and Lysozyme 
from chicken egg were purchased from Alfa Aesar (Lancashire, UK). 
Methanol and T-flasks were bought from Thermo Fisher Scientific 
(Porto, Portugal). Dopamine hydrochloride was obtained from Acros 
Organics (New Jersey, USA). Calcein-AM was obtained from Merck 
Millipore (Algés, Portugal). NaOH was acquired from LabChem (Penn
sylvania, USA). Doxorubicin (DOX) and Hyaluronic acid (HA; extra low 
molecular weight) were gotten from Carbosynth (Berkshire, UK). 1- 
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was obtained 
from Calbiochem (Darmstadt, Germany). Michigan Cancer Foundation- 
7 (MCF-7) cell line was provided by ATCC (Middlesex, UK). Normal 
Human Dermal Fibroblasts (NHDF) were supplied from PromoCell 
(Heidelberg, Germany). Cell culture plates were acquired from VWR 
(Alfragide, Portugal). The water used in the entire work was double 
deionized (0.22 μm filtered; 18.2 MΩ cm). 

2.2. Methods 

2.2.1. Synthesis and characterization of Maleimide-grafted deacetylated 
Chitosan and Thiol-grafted Hyaluronic acid 

The production of Maleimide-grafted deacetylated Chitosan (dCh- 
Mal) was performed using a two-step process based on the deacetylation 
of Ch and its subsequent reaction with Sulfo-SMCC. Initially, the 
deacetylation of Ch was accomplished as previously described by our 
group with minor modifications (Gaspar et al., 2010). In brief, Ch (1 g) 
was mixed with NaOH (2 M; 20 mL) and it was allowed to react for 3 h at 
50 ◦C under stirring. Then, this solution was washed with water, vacuum 
filtered and freeze-dried, yielding deacetylated Chitosan (dCh). Subse
quently, Sulfo-SMCC was reacted with dCh according to the protocol 
described by El-Sayed et al. with minor modifications (El-Sayed et al., 
2016). In brief, dCh (100 mg) and Sulfo-SMCC (2.44 mg) were dissolved 
in PBS at pH 7.5 (10 mL). This mixture was left to react for 24 h under 
stirring at room temperature. The obtained product was then dialyzed 
against water for 3 days (14 kDa molecular weight cut-off membrane) 
and freeze-dried, yielding Maleimide-grafted deacetylated Chitosan 
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(dCh-Mal). 
The synthesis of Thiol-grafted Hyaluronic acid (HA-Thiol) was per

formed as described previously by Sousa et al. (Pereira de Sousa et al., 
2016), with minor adaptations. Briefly, an aqueous solution of HA (100 
mg; 15 mL), EDC (466 mg; 5 mL) and NHS (92 mg; 3 mL) was prepared. 
The resultant solution pH was then adjusted to 5.5, and subsequently left 
to react for 30 min under stirring at room temperature. Afterwards, an 
aqueous solution of Cysteine (31.6 mg; 2 mL) was added to the previous 
mixture, being left to react for 4 h under stirring at room temperature. 
Finally, the final solution was dialyzed against water for 3 days (14 kDa 
molecular weight cut-off membrane) and freeze-dried, yielding Thiol- 
grafted Hyaluronic acid (HA-Thiol). 

The successful synthesis of dCh, dCh-Mal and HA-Thiol were 
confirmed by Fourier-Transform Infrared (FTIR) spectroscopy, using a 
Nicolet iS10 spectrometer (ThermoScientific Inc., MA, USA). These 
polymers were also characterized by Proton Nuclear Magnetic Reso
nance (1H NMR) using a Brüker Avance III 400 MHz spectrometer 
(Brüker Scientific Inc., NY, USA). For this purpose, dCh (30:1 (v/v) D2O/ 
HCl 1 M), dCh-Mal (30:1 (v/v) D2O/HCl 1 M), HA (9:1 (v/v) H2O/D2O), 
Cysteine (9:1 (v/v) H2O/D2O), and HA-Thiol (9:1 (v/v) H2O/D2O) were 
analyzed at 298 K. The spectra obtained were analyzed in MestReNova 
software (Mestrelab Research, SL, Santiago de Compostela, Spain). 

2.2.2. Formulation and characterization of the Thiol-Maleimide HA-Ch 
based hydrogels 

The assembly of Thiol-Maleimide HA-Ch implantable hydrogels 
incorporating DOX/DOPA-rGO was performed according to the protocol 
by Matsumoto et al. with minor modifications (Matsumoto et al., 2016). 
The preparation and characterization of DOX/DOPA-rGO are described 
in the Supplementary Information. Briefly, aqueous solutions of DOX/ 
DOPA-rGO (150 µL; 500 µg/mL of DOPA-rGO equivalents), HA-Thiol 
(50 µL; 40 mg/mL) and dCh-Mal (50 µL; 10 mg/mL) were mixed in 
round-bottom microtubes for attaining hydrogels with similar macro
scopic properties for all the assays – abbreviated as DOX/DOPA- 
rGO@TMgel. After complete crosslinking, the formulations were 
recovered by gentle centrifugation and stored at 4 ◦C before their use. 
The supernatants were collected for determining the DOX incorporation 
efficiency in the hydrogel by fluorescence spectroscopy (λex = 488 nm, 
λem = 590 nm; Spectramax Gemini EM spectrofluorometer, Molecular 
Devices LLC, USA) (Mó et al., 2020). For the formulation of the Thiol- 
Maleimide HA-Ch based hydrogels incorporating DOPA-rGO (abbrevi
ated as DOPA-rGO@TMgel), the same protocol was employed using 
DOPA-rGO (150 µL; 500 µg/mL). As control, formulations i) without 
Maleimide groups (i.e., prepared using dCh, HA-Thiol and DOPA-rGO) 
and ii) without Thiol groups (i.e., prepared using dCh-Mal, HA and 
DOPA-rGO) were also produced. 

The gelation of the produced hydrogels was confirmed by the 
inverted microtube method (Lima-Sousa et al., 2020). The superficial 
and inner (cross-section) morphologies of the hydrogels were observed 
by Scanning Electron Microscopy (SEM) operated at an acceleration 
voltage of 20 kV (Hitachi S-3400 N Scanning Electron Microscope, 
Japan). To visualize the degradation of the DOX/DOPA-rGO@TMgel 
and DOPA-rGO@TMgel in physiological-like conditions, these were 
immersed in PBS (pH 7.4) supplemented with Lysozyme (13.6 mg/L) 
and incubated at 37 ◦C under stirring for 7 days. Then, the hydrogels 
were recovered, washed with water, freeze-dried, and imaged by SEM as 
described above. 

The rheological analysis of the pre-assembled hydrogels was per
formed in a Thermostated Brookfield DV3T cone-plate Rheometer uti
lizing a CP52Z cone (Brookfield Ametek, Massachusetts, USA). The 
apparent viscosity was assessed with increasing shear rates (40–500 1/s) 
as well as a function of time (15 s intervals, 30 min of total time, constant 
speed of 60 RPM). The assays were performed at 37 ◦C, and data with 
torque values superior to 95 % or inferior to 5 % were not considered for 
analysis. 

To assess the long-term stability of the hydrogels, all the individual 

precursor solutions (i.e., those containing dCh-Mal, HA-Thiol, DOPA- 
rGO or DOX/DOPA-rGO) were prepared and stored at 4 ◦C for 7 days. 
Afterwards, these aged precursor solutions were used to assemble the 
hydrogels, and their gelation was confirmed by the inverted microtube 
test. Additionally, DOPA-rGO and DOX/DOPA-rGO size distribution and 
NIR absorption after storage (for 7 days at 4 ◦C) were also assessed. 

The photothermal capacity of DOX/DOPA-rGO@TMgel and DOPA- 
rGO@TMgel was investigated as previously described by us (Lima- 
Sousa et al., 2018). In brief, these formulations were placed in water and 
irradiated with NIR light (808 nm, 1.7 W/cm2) for 10 min. The tem
perature variations (ΔT) were recorded by using a thermocouple ther
mometer. As a control, the temperature change of water (without 
hydrogels) was also measured. 

2.2.3. In vitro evaluation of the cytocompatibility of the DOPA- 
rGO@TMgel 

To evaluate the cytocompatibility of DOPA-rGO@TMgel, this 
formulation was placed in contact with models of healthy (NHDF) and 
breast cancer (MCF-7) cells (Lima-Sousa et al., 2020). Briefly, a density 
of 2 × 104 cells/well was seeded in 24-well plates in DMEM F-12 me
dium supplemented with 10 % FBS and 1 % Penicillin/streptomycin and 
cultured in a humidified incubator (at 37 ◦C; 5 % CO2). After 24 h of 
cells’ growth, these were incubated with fresh culture medium (0.5 mL/ 
well) containing DOPA-rGO@TMgel (at 150 µg/mL of DOPA-rGO) and 
DOPA-rGO (at 75 or 150 µg/mL) for 24 h and 48 h. Afterwards, the 
formulations were removed from the wells, the medium was replaced 
with fresh medium containing resazurin (10 % (v/v)) and the cells were 
incubated for 4 h in the dark (at 37 ◦C; 5 % CO2). Cell viability was 
assessed after the incubation period by reading the fluorescence of the 
Resorufin (λex = 560 nm, λem = 590 nm) in a Spectramax Gemini EM 
spectrofluorometer (Molecular Devices LLC, USA) (Sabino et al., 2021). 
In addition, cells were also incubated with only culture medium or 
ethanol (70 % (v/v)), being the negative (K-) or positive (K + ) controls, 
respectively. 

2.2.4. In vitro evaluation of the photothermal therapy mediated by DOPA- 
rGO@TMgel and chemo-photothermal therapy mediated by DOX/DOPA- 
rGO@TMgel 

The DOPA-rGO@TMgel’ and DOX/DOPA-rGO@TMgel’ photo
therapeutic potential against breast cancer cells was assessed using the 
resazurin method (Lima-Sousa et al., 2020). For such, the same cell 
density of MCF-7 cells described in 2.2.3. was cultured and, after 24 h, 
these were incubated with fresh culture medium (0.5 mL/well) con
taining DOPA-rGO@TMgel (150 µg/mL of DOPA-rGO), DOX/DOPA- 
rGO@TMgel (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO), DOX/ 
DOPA-rGO (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO) and DOX 
(0.44 µg/mL). Four hours later, the hydrogels were exposed to NIR light 
(808 nm, 1.7 W/cm2) for 10 min. Upon reaching 24 h of incubation with 
the formulations, the cells were incubated with resazurin, and their 
viability was determined as described in Section 2.2.3. 

In order to obtain visual confirmation of the therapeutic effect of 
DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel, MCF-7 cells were 
first seeded and incubated with these formulations as described above 
(Lima-Sousa et al., 2020). After 4 h, the hydrogels were irradiated with 
NIR light (808 nm, 1.7 W/cm2, 10 min), and the cells were stained with 
Calcein-AM/PI (used to label live/dead cells, respectively) according to 
the manufacturer’s protocol. Fluorescence images were acquired by 
Confocal Laser Scanning Microscopy (CLSM; Zeiss LSM 710, Carl Zeiss 
AG, Oberkochen, Germany) using a λex/λem of 488/493–556 (Calcein- 
AM) and 561/566–719 nm (PI) (Melo et al., 2021). Non-irradiated cells 
exclusively incubated with culture medium were considered the control 
for live cells. 

2.2.5. Statistical analysis 
For multiple groups comparison, a one-way Analysis of Variance 

(ANOVA) was applied with the Student-Newman-Keuls test. A p-value 
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lower than 0.05 (p < 0.05) was deemed statistically significant. All data 
are represented as the mean ± standard deviation (S.D.). Data analysis 
was achieved using the software GraphPad Prism v6.0 (Trial version, 
GraphPad Software, CA, USA). 

3. Results and discussion 

3.1. Formulation and characterization of the Thiol-Maleimide HA-Ch 
based hydrogels 

To prepare the Thiol-Maleimide implantable hydrogels, initially 
Maleimide-grafted deacetylated Chitosan (dCh-Mal) and Thiol-grafted 
Hyaluronic acid (HA-Thiol) were synthesized and characterized by 
FTIR and 1H NMR (Supplementary Information: Figs. S1–S3). Parallelly, 
DOPA-rGO was prepared as previously described by our group (Lima- 

Sousa et al., 2021), being then loaded with DOX and characterized 
(Supplementary Information: Fig. S4). 

Then, aqueous solutions containing HA-Thiol, dCh-Mal and DOX/ 
DOPA-rGO were mixed, leading to the assembly of the Thiol- 
Maleimide hydrogels incorporating this nanomaterial – termed as 
DOX/DOPA-rGO@TMgel (Fig. 1A). The incorporation efficiency of DOX 
in DOX/DOPA-rGO@TMgel was approximately 99 % (n = 3). The same 
procedure was also applied using DOPA-rGO, leading to the assembly of 
DOPA-rGO@TMgel. After the mixing and reaction processes (≈ 45–90 
min), the gelation of the hydrogels was confirmed by the inverted 
microtube test (Fig. 1B1-2 and C1-2). As control, formulations without 
Maleimide groups (i.e., prepared using dCh, HA-Thiol and DOPA-rGO) 
and without Thiol groups (i.e., prepared using dCh-Mal, HA and 
DOPA-rGO) were also prepared – Fig. S5. The formulations without 
Maleimide groups remained as a solution and did not achieve gelation 

Fig. 1. Illustration of the formulation of the Thiol-Maleimide based implantable hydrogel incorporating DOX/DOPA-rGO, and its use in the chemo-photothermal 
therapy of breast cancer cells (A). Macroscopic images of the gelation of the DOPA-rGO@TMgel (B1-2) and DOX/DOPA-rGO@TMgel (C1-2) assessed by the 
inverted microtube test. SEM images of the surface and cross-section of DOPA-rGO@TMgel (B3-4) and DOX/DOPA-rGO@TMgel (C3-4). Scale bars represent 100 µm. 
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(Fig. S5A). The formulation prepared without Thiol groups appeared to 
precipitate, but no gelation was observed (Fig. S5B). Together, these 
results corroborate that the Thiol-Maleimide Michael type addition re
action between the HA-Thiol and dCh-Mal is crucial for the assembly of 
the DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel. 

Subsequently, the morphology and porosity of the produced hydro
gels were assessed by imaging their surface and interior (cross-section) 
by SEM (Fig. 1B3-4 and C3-4). The DOPA-rGO@TMgel and DOX/DOPA- 
rGO@TMgel displayed a uniform porous structure at their surface 
(Fig. 1B3 and C3) and interior (Fig. 1B4–C4), which is crucial for 
nanomaterials’ diffusion (Ganguly and Margel, 2021). Moreover, the 
formulations’ pores appeared to be highly interconnected, which is a 
characteristic of densely packed hydrogels such as those that are 
chemically crosslinked (Liu et al., 2016; Xie et al., 2021). The rheolog
ical analysis demonstrated that the viscosity of both DOPA-rGO@TMgel 
and DOX/DOPA-rGO@TMgel decreases with the increase in the applied 
shear rate, suggesting a shear-thinning behavior (non-Newtonian) 
(Fig. 2A) (Mondal et al., 2019; Olaru et al., 2018). In turn, when the 
viscosity of the pre-assembled hydrogels was analyzed as a function of 
time (fixed speed), the obtained values were constant (Fig. S6). Such 
data also confirms the successful gelation of the produced hydrogels 
(Lupu et al., 2023). 

Furthermore, the degradability of DOPA-rGO@TMgel and DOX/ 
DOPA-rGO@TMgel, under conditions similar to the human physiolog
ical environment, was visualized by SEM (Fig. 3). The images revealed 
an incubation-time dependent degradation of the polymeric network, 
both on the hydrogels’ surface (Fig. 3A-C) and interior (Fig. 3D–F). This 
behavior is in line with the excellent biodegradability of Ch- and HA- 
based hydrogels (Ahmadi et al., 2015; Park et al., 2019; Shariatinia 
and Jalali, 2018; Trombino et al., 2019). As importantly, it could be 
fundamental to allow the diffusion of the entrapped agents as well as 
eliminate the need to remove the hydrogels (by surgery) after their 
therapeutic effect (Ozcelik, 2016; Sheth et al., 2019). 

Afterwards, the long-term stability of the hydrogel precursor solu
tions was investigated (Figs. S7 and S8). For this purpose, the aqueous 
solutions containing the individual polymers (HA-Thiol and dCh-Mal) 
and the therapeutic agents (DOPA-rGO or DOX/DOPA-rGO) were 
stored at 4 ◦C for a total of 7 days. As it can be seen in Figure S7 and S8, 
both DOPA-rGO and DOX/DOPA-rGO maintained their size distribution 
(Figs. S7A and S8A) and NIR absorbance (Figs. S7B and S8B). Such is 
crucial to ensure that these nanomaterials retain their therapeutic po
tential (related to their size and photothermal capacity) even after 
prolonged storage. As importantly, when all the aged/stored solutions 
were mixed, the DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel 

gelified in a similar manner (Figs. S7C and S8C), indicating that their 
ability to form Thiol-Maleimide bonds is retained. 

Then, the photothermal capacity of DOPA-rGO@TMgel and DOX/ 
DOPA-rGO@TMgel was studied by irradiating them with NIR light 
(808 nm, 1.7 W/cm2) for 10 min, and measuring the attained temper
ature variations (ΔT) – Fig. 2B. As expected, the photoinduced heat 
generated by both formulations was dependent on the irradiation time 
(Figs. 2B and S9). After 10 min of NIR laser exposure, both DOPA- 
rGO@TMgel and DOX/DOPA-rGO@TMgel produced a similar temper
ature increase of 21–22 ◦C (ΔT), which can be explored to induce 
damage on cancer cells (Huang et al., 2006). A control test using water 
exposed to NIR light showed a minimal temperature increase, which is 
in line with the low interaction of water with this radiation (Shanmugam 
et al., 2014). 

In a recent work, Wu et al. created a methylcellulose-based hydrogel 
incorporating IR820 (500 μg/mL), which mediated a temperature in
crease of about 29 ◦C upon NIR irradiation (808 nm, 2 W/cm2, 5 min) 
(Wu et al., 2021). Melo et. al. produced a Ch-NaHCO3 based hydrogel 
that also contained DOPA-rGO (66.7 μg/mL), which produced a 
photoinduced heat of about 12 ◦C upon NIR laser exposure (808 nm, 1.7 
W/cm2, 10 min) (Melo et al., 2022). Herein, the DOPA-rGO@TMgel and 
DOX/DOPA-rGO@TMgel (150 μg/mL of DOPA-rGO) could generate a 
temperature increase of about 21–22 ◦C upon laser exposure (808 nm, 
1.7 W/cm2, 10 min), demonstrating their good photothermal potential. 

3.2. In vitro evaluation of the cytocompatibility of the DOPA- 
rGO@TMgel 

After confirming the photothermal capacity of the hydrogels, the 
cytocompatibility profile of DOPA-rGO@TMgel (at 150 µg/mL of DOPA- 
rGO) in healthy (NHDF) and breast cancer (MCF-7) cells was assessed 
(Fig. 4). Even after 48 h of incubation with this formulation, NHDF and 
MCF-7 cells remained with a viability of 70 and 90 %, respectively 
(Fig. 4). For comparison purposes, both cell lines were also incubated 
directly with DOPA-rGO (Fig. S10). In agreement with our previous 
work (Lima-Sousa et al., 2021), the DOPA-rGO, at the concentration of 
75 µg/mL, did not affect meaningfully these cell lines (viability > 76 %) 
– Fig. S10. However, increasing the dose of DOPA-rGO to 150 µg/mL led 
to a decrease on the cells’ viability to about 39 % (Fig. S10). Considering 
that the DOPA-rGO@TMgel also contains this same DOPA-rGO dose, 
this data suggests that the incorporation of this nanomaterial in the 
developed hydrogels is crucial to enhance its cytocompatibility. 

In fact, the good cytocompatibility of DOPA-rGO@TMgel may be 
related to the use of biocompatible polymers (HA and Ch) in its 

Fig. 2. Apparent viscosity of DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel at different increasing shear rates (40–500 1/s) (A). Temperature variation curves of 
DOPA-rGO@TMgel, DOX/DOPA-rGO@TMgel and water upon irradiation with NIR light (808 nm, 1.7 W/cm2) during 10 min (B). Data represents mean ± S.D., n 
= 3. 
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Fig. 3. SEM images of DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel surface after 0 (A1, A2), 3 (B1, B2) and 7 (C1, C2) days of incubation in PBS (pH 7.4) 
supplemented with Lysozyme. SEM images of DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel interior (cross-section) after 0 (D1, D2), 3 (E1, E2) and 7 (F1, F2) 
days of incubation in the same conditions. Scale bar indicates 100 µm. 

Fig. 4. Viability of MCF-7 cells (A) and NHDF (B) after 24 and 48 h of incubation with DOPA-rGO@TMgel. Data represents mean ± S.D., n = 5. K− represents the 
negative control and K+ represents the positive control. 
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composition (Hamilton et al., 2021; Seo et al., 2021). Lima-Sousa et al. 
developed a Ch and Agarose based hydrogel incorporating rGO (reduced 
using Vitamin C) that also revealed a good cytocompatibility profile 
(Lima-Sousa et al., 2020). Other Ch and HA-based hydrogels reported in 
the literature also displayed good biological properties (Deng et al., 

2017; Hu et al., 2021; Melo et al., 2022). Taken together, these results 
also indicate that the Thiol and Maleimide modifications were not 
detrimental for the hydrogels’ biological properties, highlighting the 
hydrogels’ suitability for cancer therapy. 

Fig. 5. Schematic depicting the chemo-photothermal therapy mediated by DOX/DOPA-rGO@TMgel (A). Therapeutic effect of DOPA-rGO@TMgel (150 µg/mL of 
DOPA-rGO) and DOX/DOPA-rGO@TMgel (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO) towards MCF-7 cells without (W/o NIR) and with (W/ NIR) NIR laser 
irradiation (808 nm, 1.7 W/cm2, 10 min) (B). Data represents mean ± S.D., n = 5, ****p < 0.0001, ns = non-significant. K- W/o NIR represents the negative control 
and K- W/ NIR represents cells solely exposed to NIR light. CLSM images of MCF-7 cells stained with Calcein-AM/PI after incubation with DOPA-rGO@TMgel (150 
μg/mL of DOPA-rGO) or DOX/DOPA-rGO@TMgel (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO) W/o NIR or W/ NIR laser irradiation (808 nm, 1.7 W/cm2, 10 min) 
(C). Medium W/o NIR represents the control for live cells, while Medium W/ NIR represents cells only exposed to NIR light. Green channel: Calcein-AM; red channel: 
PI. Scale bars correspond to 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.3. In vitro evaluation of the photothermal therapy mediated by DOPA- 
rGO@TMgel and chemo-photothermal therapy mediated by DOX/DOPA- 
rGO@TMgel 

By last, the phototherapeutic and chemo-phototherapeutic effects 
mediated by DOPA-rGO@TMgel (150 µg/mL of DOPA-rGO) and DOX/ 
DOPA-rGO@TMgel (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO), 
respectively, were assessed on MCF-7 cells. For this assay, the formu
lations were incubated with the breast cancer cells and then irradiated 
with NIR light for 10 min (808 nm, 1.7 W/cm2) – Fig. 5A. For com
parison purposes, these cells were also exposed directly to free DOX 
(0.44 µg/mL) and DOX/DOPA-rGO (0.44 µg/mL of DOX; 150 µg/mL of 
DOPA-rGO). 

As expected, the single use of NIR irradiation did not affect MCF-7 
cells’ viability (≈ 99 %), which is in line with the scarce temperature 
variation that is attained when water is exposed to NIR light (Figs. 5B 
and 2B). On the other hand, when DOPA-rGO@TMgel was combined 
with NIR light (hydrogels’ photothermal therapy), the breast cancer 
cells’ viability showed a moderate decrease to 59 %. Closely, DOX/ 
DOPA-rGO@TMgel (hydrogels’ chemotherapy) only reduced the cells’ 
viability to about 50 %. As expected, the action of free DOX (classic 
chemotherapy) also impacted cells by reducing their viability to about 
53 %, while DOX/DOPA-rGO (nanomaterials’ chemotherapy) dimin
ished the cells’ viability to about 33 % (Fig. S11). Interestingly, the 
combined action of DOX/DOPA-rGO@TMgel and NIR light (hydrogels’ 
chemo-photothermal therapy) was able to reduce the breast cancer cells’ 
viability to just 21 %. Among all the tested formulations, the DOX/ 
DOPA-rGO@TMgel provided the best control over the therapeutic 
outcome since it induced a moderate toxicity towards breast cancer cells 
(viability ≈ 50 %), being this effect further boosted by ≈ 2.4-times upon 
NIR laser exposure (viability ≈ 21 %). 

To confirm these results, breast cancer cells were also stained with 
Calcein-AM (labels live cells) and PI (labels dead cells) and imaged by 
CLSM (Fig. 5C). In concomitance with the cell viability results, cells 
exposed to just NIR light only displayed Calcein-AM fluorescence sig
nals. In turn, the breast cancer cell populations exposed to DOPA- 
rGO@TMgel plus NIR light (hydrogels’ photothermal therapy) and 
DOX/DOPA-rGO@TMgel (hydrogels’ chemotherapy) presented both 
Calcein-AM and PI fluorescence signals, indicating that these cells are 
only partially eliminated. In stark contrast, the majority of the breast 
cancer cells incubated with DOX/DOPA-rGO@TMgel plus NIR light 
revealed PI fluorescence signals, further confirming the enhanced 
therapeutic outcome arising from the hydrogels’ chemo-photothermal 
therapy. 

For instance, He et al. prepared a polypeptide based hydrogel con
taining black phosphorus nanosheets (400 μg/mL; photothermal agent) 
and Bufalin (50 nmol/L; chemotherapeutic agent) that, upon NIR irra
diation (808 nm, 1.0 W/cm2, 10 min), could decrease colon cancer cells’ 
viability to about 27 % (He et al., 2021). In another work, Melo et al. 
produced an Ch-NaHCO3 based hydrogel that incorporated DOPA-rGO 
(66.7 µg/mL) and Resveratrol (35 µg/mL), which upon NIR laser 
exposure (808 nm, 1.7 W/cm2, 10 min), diminished the viability of 
breast cancer cells to about 31 % (Melo et al., 2022). Herein, the DOX/ 
DOPA-rGO@TMgel (0.44 µg/mL of DOX; 150 µg/mL of DOPA-rGO) 
combined with NIR light (808 nm, 1.7 W/cm2, 10 min) reduced the 
breast cancer cells’ viability to just 21 %, highlighting its potential for 
chemo-photothermal therapy. 

4. Conclusion 

In this work, DOX/DOPA-rGO@TMgel was prepared, for the first 
time, for application in cancer chemo-photothermal therapy. The 
preparation of this hydrogel revealed to be a simple process since it only 
relied on the mixing of dCh-Mal, HA-Thiol and DOX/DOPA-rGO. For 
comparison purposes, DOPA-rGO@TMgel was also assembled. Both 
DOPA-rGO@TMgel and DOX/DOPA-rGO@TMgel presented a suitable 

gelation as well as a good porosity. Upon interaction with NIR radiation, 
these hydrogels could produce a temperature increase of approximately 
22 ◦C, revealing a good photothermal capacity. In in vitro studies, the 
DOPA-rGO@TMgel revealed a good cytocompatibility towards both 
healthy and breast cancer cells. When breast cancer cells were incubated 
with DOPA-rGO@TMgel and exposed to NIR light (hydrogels’ photo
thermal therapy), their viability reduced to about 59 %. On the other 
hand, DOX/DOPA-rGO@TMgel (hydrogels’ chemotherapy) reduced 
cancer cells’ viability to 50 %. In stark contrast, the combined action of 
DOX/DOPA-rGO@TMgel and NIR light decreased breast cancer cells’ 
viability to just 21 %, highlighting its chemo-phototherapeutic poten
tial. In the future, evaluating the long-term biocompatibility of DOPA- 
rGO@TMgel as well as the efficacy of the implantable DOX/DOPA- 
rGO@TMgel in postoperative chemo-photothermal therapy (at the 
current and lower NIR laser intensities) will give an important insight 
about its in vivo potential. On the other hand, it would also be interesting 
to explore the incorporation of organic photothermal agents in the 
developed Thiol-Maleimide implantable hydrogels. 
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