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ARTICLE INFO ABSTRACT

Keywords: Injectable in situ forming hydrogels have been emerging due to their capacity to perform the direct delivery of
Cancer therapeutics into the tumor site with minimal off-target leakage. Particularly, physical crosslinked injectable in
Chemo-photothermal therapy situ forming hydrogels are appealing due to their straightforward preparation that exploits the native jointing
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capabilities of specific polymers/materials. However, the features of these hydrogels (e.g., injectability, degra-
dation, swelling) are strongly pre-determined by the physical interactions available on the selected polymers/
materials, occasionally yielding undesired outcomes. Thus, the combination of multiple physical crosslinking
cues may allow the preparation of hydrogels with enhanced properties. In this work, a dual-crosslinked injectable
in situ forming hydrogel was engineered by combining Pluronic F127/a-Cyclodextrin and Alginate/CaCl; (i.e.,
combination of host-guest and electrostatic interactions), being loaded with Doxorubicin (chemotherapeutic
drug) and Dopamine-reduced Graphene Oxide (photothermal nano-agent) for application in cancer chemo-
photothermal therapy. When compared to the single-crosslinked hydrogels, the dual-crosslinking contributed
to the assembly of formulations with suitable injectability and improved degradation and water absorption
behaviors. Moreover, the dual-crosslinked hydrogels presented a good photothermal capacity (AT ~ 14 °C),
leading to a 1.18-times enhanced Doxorubicin release. In in vitro cell-based studies, the dual-crosslinked
hydrogels exhibited an excellent cytocompatibility towards healthy (normal human dermal fibroblasts) and
breast cancer (MCF-7) cells. As importantly, the dual-crosslinked hydrogels were able to mediate a chemo-
photothermal effect that diminished the cancer cells’ viability to just 23 %. Overall, the developed dual-
crosslinked injectable in situ forming hydrogels incorporating Doxorubicin and Dopamine-reduced Graphene
Oxide are a promising macroscale system for breast cancer chemo-photothermal therapy.

advantage of the EPR effect, nanostructures with well-tailored physi-
cochemical properties (e.g., size, surface charge, corona composition)
can accumulate and become stationed at the tumor site [4,6,7]. Some
nanostructures can further capitalize on this effect by enrolling on
combinatorial therapeutic approaches, opening a venue for more
effective cancer treatments [8-10].

Among the different combinatorial approaches, the synergy between
nanomaterials’ photothermal therapy and chemotherapy has been
yielding very exciting results [11-13]. In this combinatorial modality,

1. Introduction

In the last decade, a boom in the development of nanomaterials for
anticancer applications has occurred [1-3]. Such rise was triggered by
the nanostructures propensity to reach the tumor zone through the
so-called Enhanced Permeability and Retention (EPR) effect. In brief, the
tumor zone has an aberrant leaky vasculature (with fenestrae of
200-1200 nm) and a defective lymphatic drainage [4,5]. Thus, by taking
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Abbreviations:

ANOVA Analysis of variance

Calcium Chloride CaCl,

DLS Dynamic light scattering

DMEM-F12 Dulbecco’s modified Eagle’s medium F-12

DOPA-rGO Dopamine-reduced graphene oxide

DOPA-rGO@Ac,Gel DOPA-rGO loaded Alginate/CaCl; hydrogel

DOPA-rGO@PcpGel DOPA-rGO loaded Pluronic F127/
a-Cyclodextrin hydrogel

DOPA-rGO@PcpAc,Gel DOPA-rGO loaded Pluronic F127/
a-Cyclodextrin/Alginate/CaCl, hydrogel

DOX Doxorubicin

DOX + DOPA-rGO@PcpAc,Gel DOX and DOPA-rGO loaded
Pluronic F127/a-Cyclodextrin/Alginate/CaCl, hydrogel

EPR Enhanced permeability and retention
FBS Fetal bovine serum

FTIR Fourier-transform infrared

MCF-7  Michigan cancer foundation-7

NHDF  Normal human dermal fibroblasts
NIR Near infrared

NS Non-significant

PBS Phosphate buffered saline

PI Propidium iodide

S.D Standard Deviation

SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
W/NIR  With NIR laser exposure

W/o NIR Without NIR laser exposure

drug-loaded nanomaterials with light-absorbing capabilities are sys-
temically administered [14,15]. Once the nanomaterials reach the
tumor site, this zone is irradiated with light, and the nanostructures
convert the absorbed light into heat (photothermal therapy) [14,15].
The nanostructures’ photothermal heating can per se induce damages on
cancer cells, leading in some cases to their death [16]. These hyper-
thermic effects can also trigger the release of the loaded drug or can
sensitize cancer cells to chemotherapeutics’ action, leading to a syner-
gistic therapeutic outcome [17,18].

From the myriad of nanomaterials with potential to be applied in
cancer chemo-photothermal therapy, those based on Dopamine-reduced
Graphene Oxide (DOPA-rGO) have been receiving a great interest. Such
is correlated with the capacity of DOPA-rGO to absorb near-infrared
(NIR; 750-1000 nm) light and with its large surface area [19]. Due to
its high NIR absorption, the DOPA-rGO can generate a temperature in-
crease upon interaction with NIR light [19]. This capacity is of para-
mount importance since the NIR light per se has a good penetration
depth and it displays minimal interactions with biological components
(e.g., water, hemoglobin, melanin) [20]. In this way, the photoinduced
heat prompted by DOPA-rGO can achieve a good spatio-temporal reso-
lution with diminished off-target interactions [19]. On the other hand,
the large surface area of DOPA-rGO is compatible with the loading of
several bioactive drugs [21,22], allowing their delivery to cancer cells.
As importantly, the DOPA-rGO nanomaterials have a straightforward
preparation and are highly cytocompatible [19].

Despite the potential of the nanomaterials aimed for cancer chemo-
photothermal therapy, their translation into the clinic has not yet
been achieved. In fact, an exhaustive literature analysis has revealed
that less than 1 % (median) of the nanostructures administered sys-
temically accumulate at the tumor site [23]. In one hand, the nano-
structures can suffer opsonization once in the bloodstream, leading to
their rapid clearance [24,25]. On the other hand, systemically admin-
istered nanomaterials have been engineered to achieve tumor accumu-
lation based on the principles of the EPR effect [26,27]. However, the
EPR effect is not universally present in all human solid tumors, being, in
fact, overexaggerated on pre-clinical cancer models [26,28].

To address this issue, researchers have just started to explore the
potential of injectable in situ forming hydrogels for executing the direct
delivery of light-responsive nanomaterials/drugs into the tumor (local
administration) [17,29]. In this technological approach, an aqueous
solution containing the hydrogel precursor materials (e.g, polymers,
crosslinkers) and the therapeutic compounds (e.g., NIR-light responsive
nanomaterials, chemotherapeutic drugs) is loaded into a syringe, being
injected intratumorally [17]. Subsequently, the hydrogel suffers in situ
gelation through physical and/or chemical crosslinking, performing a
tumor-confined delivery of the therapeutics with minimal off-target
leakage [17]. Chemical crosslinking strategies based on

Photopolymerization = and  Thiol-Maleimide,  Schiff-base  or
Tetrazine-Norbornene reactions have been explored to mediate the in
situ assembly of injectable hydrogels [30-35]. These covalent reactions
can offer a precise control of the hydrogels’ properties but require the
chemical modification of the polymers with compatible functional
groups (a laborious and complex procedure) and may demand specific
reaction conditions (e.g., photoinitiators, pH) [30-36]. In turn, physical
crosslinked hydrogels can be prepared using readily available and
affordable polymers/materials by exploiting their native jointing capa-
bilities (e.g., through Host-Guest or Electrostatic interactions) [37,38].
Still, the properties of these hydrogels (e.g., injectability, gelation time,
degradation, swelling) are strongly pre-determined by the physical in-
teractions available on the selected polymers/materials, occasionally
yielding undesired outcomes [39-41]. For instance, the reversible na-
ture of the Host-Guest interactions established between a-Cyclodextrin
(host) and Pluronic F127 (guest) facilitates the preparation of hydrogels
with a good injectability [41]. However, the reversible character of
these Host-Guest interactions can also cause the premature collapse of
the Pluronic F127/a-Cyclodextrin hydrogels when in contact with bio-
logical fluids [40]. The combination of Alginate (negatively charged)
and CaCl, (provides positively charged Calcium ions (Ca®"M)) can also
mediate the fast in situ gelation of injectable hydrogels through elec-
trostatic interactions [39]. However, a dense electrostatic crosslinking
degree can yield hydrogels with a high rigidity/low flexibility, which
may not mediate a uniform delivery of the loaded therapeutics along the
tumor mass [39]. In this way, the combination of multiple physical
crosslinking cues may allow the preparation of injectable in situ forming
hydrogels with enhanced properties.

So far, single-physical crosslinked injectable in situ forming hydro-
gels assembled using Chitosan/NaHCOj5 (electrostatic interactions) have
been developed to encapsulate DOPA-rGO and Resveratrol for use in
cancer chemo-photothermal therapy [42]. Dual-physical crosslinked
injectable in situ forming hydrogels produced by combining Pluronic
F127 and Chitosan/NaHCO3 (hydrophobic and electrostatic in-
teractions) were also engineered to load DOPA-rGO for application in
cancer photothermal therapy [43]. However, to the best of our knowl-
edge, multiple-physical crosslinked injectable in situ forming hydrogels
co-encapsulating DOPA-rGO nanomaterials and chemotherapeutic
drugs aimed for cancer chemo-photothermal therapy have not yet been
explored.

In this work, a dual-physical crosslinked injectable in situ forming
hydrogel incorporating Doxorubicin (DOX) and DOPA-rGO was pre-
pared, for the first time, for application in cancer chemo-photothermal
therapy. The dual-physical crosslinked injectable hydrogel was engi-
neered by combining Pluronic F127/a-Cyclodextrin (host-guest inter-
action) and Alginate/CaCl, (electrostatic interaction). After the
hydrogel’s assembly, its physicochemical and biological properties were
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characterized.
2. Materials and methods
2.1. Materials

Pluronic F127, a-Cyclodextrin, DOX, Graphene oxide, Sodium algi-
nate, Dulbecco’s Modified Eagle’s Medium F12 (DMEM F-12), Peni-
cillin/Streptomycin, Resazurin, Trypsin and Phosphate Buffered Saline
Solution (PBS) were obtained from Sigma-Aldrich (Sintra, Portugal).
Dopamine hydrochloride was obtained from Acros Organic (New Jersey,
USA). Fetal Bovine Serum (FBS) was acquired from Biochrom AG (Ber-
lin, Germany). Calcium chloride (CaCly) and Propidium Iodide (PI) were
purchased from Alfa Aesar (Massachusetts, USA). Calcein-AM was ob-
tained from Merck Milipore (Algés, Portugal). Michigan Cancer
Foundation-7 (MCF-7) cell line was provided by ATCC (Middlesex, UK).
Normal Human Dermal Fibroblasts were purchased from PromoCell
(Heidelberg, Germany). T-flasks and cell culture plates were acquired
from Thermo Fisher Scientific (Porto, Portugal). CellTiter-Glo® 2.0 was
acquired from Promega (Wisconsin, USA). Double-deionized and
filtered water (0.22 pm filtered; 18.2 MQ cm) was used in this work.

2.2. Methods

2.2.1. Synthesis and characterization of DOPA-rGO

Dopamine-reduced graphene oxide (DOPA-rGO) was synthesized
using the method previously described by Lima-Sousa and colleagues
[19]. Prior to the synthesis, graphene oxide was sonicated for 6 h. Af-
terwards, the graphene oxide solution (5 mL; 500 pg/mL) was mixed
with Dopamine hydrochloride (12.5 mg) and NaOH (10 mM,; to achieve
a pH 8.5), being left to react under stirring at 60 °C for 4 h. Then, the
resulting material was purified via dialysis against water for 2 h (14 KDa
molecular weight cut-off membrane), yielding DOPA-rGO.

To characterize the DOPA-rGO, Dynamic Light Scattering Analysis
(DLS) was employed to analyze its nanometric size distribution (Zeta-
sizer Nano ZS, Malvern Instruments, Worcestershire, UK) [21]. The
DOPA-rGO size and morphology were also visualized through Trans-
mission Electron Microscopy (TEM; Hitachi-HT7700, Tokyo, Japan;
accelerating voltage of 80 kV). Before this analysis, the DOPA-rGO was
stained with phosphotungstic acid (2 % (w/v)) [21]. By last, absorption
spectroscopy was used to verify the NIR absorption of DOPA-rGO
(Evolution 201 spectrophotometer, Thermo Scientific., Massachusetts,
USA) [19].

2.2.2. Formulation of the dual-crosslinked injectable in situ forming
hydrogels

The production of the dual-crosslinked injectable in situ forming
hydrogel incorporating DOX and DOPA-rGO (designated as DOX +
DOPA-rGO@PcpAc,Gel) was performed by employing a Pluronic
F127:a-Cyclodextrin mass ratio of 6.51:9.72 (to coordinate the host-
guest interactions) and Alginate:CaCly mass ratio of 4:1 (to coordinate
the electrostatic interactions) [39,44]. To do so, initially a solution
composed of Pluronic F127 (350 mg/mL) and CaCl, (53.8 mg/mL) was
prepared and kept in an ice-cold bath. Parallelly, a solution containing
Alginate (22.1 mg/mL), a-Cyclodextrin (53.6 mg/mL), DOPA-rGO and
DOX was prepared. Afterwards, the Pluronic F127/CaCl; (18.6 pL) and
the Alginate/a-Cyclodextrin/DOPA-rGO/DOX (181.4 pL) solutions were
mixed, loaded into a syringe equipped with a 21G needle (0.8 x 40 mm)
and extruded, leading to the assembly of the DOX + DOP-
A-rGO@PcpAcaGel (28.25 pg of DOPA-rGO; 12.2 pg of DOX). The
Pluronic F127/CaCl, (18.6 pL) and the Algina-
te/a-Cyclodextrin/DOPA-rGO/DOX (181.4 pL) solutions were also
extruded into microtubes, being the assembled hydrogels recovered in
order to obtain formulations with constant macroscopic dimensions. A
dual-crosslinked injectable in situ forming hydrogel incorporating only
DOPA-rGO (termed as DOPA-rGO@PcpAc,Gel) was also prepared as
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described above but without the DOX addition step.

As controls, single-crosslinked hydrogels incorporating DOPA-rGO
were also prepared. In this regard, hydrogels composed of Pluronic
F127, a-Cyclodextrin, and DOPA-rGO were also produced (designated as
DOPA-rGO@PcpGel). For such, the Pluronic F127:a-Cyclodextrin mass
ratio and the DOPA-rGO content were kept unchanged but the total
DOPA-rGO@PcpGel weight was adjusted to match that of DOPA-
rGO@PcpAc,Gel. With the same purpose, hydrogels formed with Algi-
nate, CaCl, and DOPA-rGO were also created (designated as DOPA-
rGO@Ac,Gel). Similarly, the Alginate:CaCl, mass ratio and the DOPA-
rGO content were kept unchanged but the total DOPA-rGO@Ac,Gel
weight was adjusted to match that of DOPA-rGO@P¢pAca,Gel.

2.2.3. Characterization of the physicochemical properties of the hydrogels

The injectability and in situ gelation of the DOX + DOPA-rGO@Pc.
DACaGel, DOPA-I‘GO@PCDACaGeL DOPA-I‘GO@PCDGel, and DOPA-
rGO@Ac,Gel were assessed by extruding their corresponding precursor
mixtures through syringes fitted with 21G needles (0.8 x 40 mm) [42].
The gelation of these formulations was also confirmed through the
inverted microtube test [42]. To accomplish that, the hydrogels’ pre-
cursor solutions were loaded into microtubes, being these placed at
room temperature and then inverted. The cross-section morphology of
DOX + DOPA-rGO@PcpAc,Gel and DOPA-rGO@PcpAc,Gel was
assessed by Scanning Electron Microscopy (SEM) [45]. For such, these
samples were placed on aluminum stubs and sputter-coated with gold
(Quorum Q150R ES sputter coating device, Quorum Technologies Ltd.,
Laughton, East Sussex, UK). Subsequently, the SEM images were ac-
quired by utilizing a Hitachi S-3400N Scanning Electron Microscope
(Hitachi, Tokyo, Japan). The chemical composition of the DOX +
DOPA-rGO@PcpAcaGel and DOPA-rGO@PcpAc,Gel was determined by
Fourier-transform infrared (FTIR) spectroscopy (Nicolet iS10 spec-
trometer, Thermo Scientific Inc., Massachusetts, USA). To determine the
DOX encapsulation efficiency in the DOX + DOPA-rGO@PcpAc,Gel, this
formulation was first removed from the microtubes. Afterwards, the
hydrogel-free microtubes were washed with methanol to recover the
non-encapsulated DOX. Then, the non-loaded DOX content was deter-
mined by fluorescence spectroscopy (Agxcitation = 488 NmM, Agmission =
590 nm; FluoroMax-4 spectrofluorometer, Horiba, Kyoto, Japan).

The Gel fraction of DOX + DOPA-rGO@PcpAc,Gel and DOPA-
rGO@PcpAc,Gel was determined by adapting a previously reported
protocol [46]. In brief, the hydrogel formulations were submerged in
water at 37 °C, under shaking. After 1 h, the hydrogels were recovered,
freeze-dried (ScanVac CoolSafe, LaboGene ApS, Lynge, Denmark), and
weighed. The Gel fraction was calculated according to Eq. (1) (Wj is the
initial weight of the hydrogels; W is the weight of the hydrogels after 1
h of incubation).

. wy
Gel fraction (%) =W x 100 % (Eq. 1)
v

The degradation profile of the different hydrogels was assessed as
previously defined elsewhere [45]. To do so, the DOX + DOP-
A-TGO@PcpAc,Gel, DOPA-TGO@PcpAcaGel, DOPA-rGO@PcpGel, and
DOPA-rGO@Ac,Gel were submerged in PBS (pH 7.4) at 37 °C, under
shaking, for 7 days. At specific pre-determined timepoints, the hydrogels
were extracted, washed with water, freeze-dried, and subsequently
weighed. The weight loss was calculated, at each designated timepoint,
using Eq. (2) (Wj is the initial weight of the hydrogels; W is the weight of
the hydrogels at time t).

Weight loss (%) :u x 100 % (Eq. 2)

The water absorption capacity of the hydrogels (correlates to the
swelling) was determined following a formerly established protocol
[45]. In brief, the DOX + DOPA-rGO@PcpAc,Gel, DOP-
A-rGO@PcpAcaGel, DOPA-rGO@PcpGel, and DOPA-rGO@Ac.Gel were

submerged in PBS (pH 7.4) at 37 °C, under shaking. At each specific
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timepoint, the hydrogels were extracted from the PBS solution and then
weighed. The formula used to evaluate the water absorption capacity, at
each designated timepoint, is given by Eq. (3) (W is the weight of the
hydrogels at time t; Wj is the initial weight of the hydrogel).

Water absorption capacity (%) = % x 100 %

i

(Eq. 3)

The photothermal heating generated by DOX + DOPA-rGO@PcpA-
caGel, DOPA-rGO@PcpAc,Gel and PcpAc,Gel was investigated by
applying a protocol previously outlined by our team [42]. For such, the
hydrogels were immersed in water and posteriorly, these were irradi-
ated with NIR light (808 nm, 1.7 W/cm?) for 10 min. A thermocouple
thermometer was then employed to monitor the temperature changes.
As a control, the temperature variation of water exposed to NIR light was
also assessed. To determine the release profile of DOX from DOX +
DOPA-rGO@PcpAcaGel, this formulation was immersed in a PBS solu-
tion (pH 7.4) at 37 °C, under shaking. At pre-determined timepoints, the
DOX released was measured by analyzing the DOX fluorescence
(AExcitation = 488 nm, Agmission = 590 nm; SpectraMax Gemini EM spec-
trofluorometer, Molecular Devices LLC, California, USA) [47]. The in-
fluence of NIR light on DOX release was also investigated by irradiating
the DOX + DOPA-rGO@PcpAc,Gel at the 2-h timepoint (808 nm, 1.7
W/cmz, 10 min).

2.2.4. Assessment of the DOPA-rGO@PcpAcqGel cytocompatibility

To assess the cytocompatibility of DOPA-rGO@PcpAcaGel, this
formulation was placed in contact with NHDF (healthy cell model) and
MCE-7 cells (breast cancer cell model), being the cells’ viability deter-
mined using the resazurin assay [47]. Both cell lines were cultured in
DMEM F-12 medium supplemented with 10 % (v/v) of FBS and 1 %
(v/v) penicillin/streptomycin in an humified incubator (5 % COo,
37 °Q).

To execute this assay, the cells were seeded at a density of 2.5 x 10*
cells/well into 24-well plates. After 48 h of their seeding, the cells were
incubated with fresh culture medium along with DOPA-rGO@PcpAc,Gel
for 24 and 48 h. After that, the DOPA-rGO@PcpAc.Gel was removed,
being the cells incubated with fresh medium containing resazurin (10 %
(v/v)) for 4 h in the dark (5 % CO,, 37 °C). Finally, the cellular viability
was evaluated by measuring the fluorescence of resorufin (Agxcitation =
560 nm, Agmission = 590 nm; SpectraMax Gemini EM spectrofluorometer,
Molecular Devices LLC, California, USA). Cells only incubated with
medium (i.e., without hydrogels) were used as the negative control (K™).
Alternatively, cells incubated with ethanol (70 % (v/v)) were employed
as the positive control (K™).

2.2.5. Evaluation of the photothermal therapy mediated by DOPA-
rGO@PcpAc,Gel and chemo-photothermal therapy mediated by DOX +
DOPA—TGO@PCDACaGel

The photothermal therapy mediated by DOPA-rGO@PcpAc,Gel and
chemo-photothermal therapy mediated by DOX + DOPA-rGO@PcpA-
caGel were assessed through the resazurin method as our group earlier
described [47]. For this purpose, the MCF-7 cells were seeded as
mentioned in section 2.2.4. After 48 h of their seeding, the MCF-7 cells
were incubated with fresh culture medium along with DOP-
A-rGO@PcpAc,Gel (DOPA-rGO: 56.5 pg/mL) and DOX + DOP-
A-rGO@PcpAcaGel (DOPA-rGO: 56.5 pg/mL; DOX: 24.4 pg/mL). After 2
h of incubation, the hydrogels were irradiated with NIR light (808 nm,
1.7 W/cm?, 10 min). After totaling 24 h of incubation with the hydro-
gels, the MCF-7 cells’ viability was determined using the resazurin
method following the protocol described in section 2.2.4. The hydrogels’
phototherapeutic capacity was also confirmed using the CellTiter-Glo®
2.0 assay (ATP-based cell viability determination), following the man-
ufacturer’s protocol. Additionally, Calcein-AM (labels live cells) and PI
(labels dead cells) staining was also performed on the MCF-7 cells, being
the imaging experiments conducted in a Zeiss Axio Observer Z1 (Carl
Zeiss AG, Oberkochen, Germany) equipped with Filter Set 20 and 38 HE.
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2.2.6. Statistical analysis

Comparison between multiple groups was conducted via one-way
Analysis of Variance (ANOVA), with the Student-Newman-Keuls test.
Comparison between two groups was conducted by the unpaired t-test.
Results were considered statistically significant if the p-value was lower
than 0.05 (p < 0.05). Analysis of the data was performed using Graph-
Pad Prism v6.0 (Trial version, GraphPad Software, CA, USA).

3. Results and discussion

3.1. Formulation and characterization of DOX + DOPA-
rGO@PcpAcqGel and DOPA-TGO@PcpAc,Gel

For engineering a dual-crosslinked injectable hydrogel aimed for
cancer chemo-photothermal therapy, DOX (chemotherapeutic agent)
and DOPA-rGO (photothermal nanoagent) were incorporated into
hydrogels assembled by combining Pluronic F127/a-Cyclodextrin (host-
guest interaction) and Alginate/CaCly (electrostatic interaction) -
designated as DOX + DOPA-rGO@PcpAc,Gel (Fig. 1A). Similarly, a
dual-crosslinked injectable hydrogel designed for cancer photothermal
therapy was also prepared by loading DOPA-rGO into the hydrogels
assembled with Pluronic F127/a-Cyclodextrin and Alginate/CaCly -
designated as DOPA-rGO@PcpAc,Gel. The nanometric size distribution
of DOPA-rGO was confirmed by DLS and TEM (Fig. S1A and S1B). As
importantly, the size of DOPA-rGO felt within the range considered to be
optimal for cancer-related applications (100-200 nm) — Fig. S1C. The
TEM data also showed that DOPA-rGO has the sheet-like morphology
characteristic of the graphene-based nanomaterials (Fig. S1B) [21].
Absorption spectroscopy also confirmed the high NIR absorption of
DOPA-rGO, a crucial feature for its use as a photothermal agent
(Fig. S1D). As control, injectable hydrogels with a single crosslinking
chemistry (i.e., host-guest or electrostatic) were also prepared. Thus,
hydrogels composed of Pluronic F127, a-Cyclodextrin, and DOPA-rGO
were also produced (designated as DOPA-rGO@PcpGel). With the
same purpose, hydrogels formed with Alginate, CaCl, and DOPA-rGO
were also created (designated as DOPA-rGO@Ac,Gel).

Initially, the injectability and in situ gelation of the different hydro-
gels were investigated. By loading the precursor solutions of DOX +
DOPA-rGO@PcpAcaGel and DOPA-rGO@PcpAc,Gel into a syringe,
these could be extruded and achieved gelation in situ (Fig. 1B and C). The
gelation of the DOX + DOPA-rGO@PcpAc,Gel and DOPA-rGO@PcpA-
caGel was also confirmed through the inverted microtube test (Fig. S2A
and S2B). The injectability and in situ gelation of the DOX + DOPA-
rGO@PcpAcaGel and DOPA-rGO@PcpAcaGel is a feature fundamental
for their direct administration at the tumor zone, potentially allowing
the delivery of the therapeutic agents (i.e., DOX and DOPA-rGO) into the
target site with minimal off-target leakage [17]. Similarly, the DOP-
A-rGO@PcpGel precursor solutions also demonstrated injectability and
capacity to gelate in situ (Figs. S3A and S2C). Even though the DOP-
A-rGO@A(,Gel precursor solution could form a hydrogel (Fig. S2D), this
formulation could not be injected since it rapidly clogged the injection
apparatus (Fig. S3B). The faster gelation of DOPA-rGO@Ac,Gel and its
apparent greater rigidity may have contributed to its non-injectability.

Subsequently, the precursor solutions of the different hydrogels were
also deposited on microtubes and then recovered (Fig. S4). Such enabled
the production of hydrogels with equal macroscopic dimensions for the
following studies (Fig. S4). Further assessment highlighted that DOX +
DOPA-TGO@PcpAcaGel, = DOPA-rGO@PcpAc,Gel  and  DOPA-
rGO@PcpGel had a uniform distribution of the therapeutic agents
(Fig. S4A-S4C). In contrast, DOPA-rGO@Ac,Gel could not homoge-
nously disperse the DOPA-rGO (Fig. S4D). The irregular incorporation of
the DOPA-rGO in DOPA-rGO@Ac,Gel is likely correlated with the quick
gelation of this formulation, potentially impacting its capacity to effi-
ciently sustain the delivery of the loaded therapeutics. In fact, Chao et al.
demonstrated that Alginate hydrogels crosslinked with Ca?* (electro-
static interactions) displaying a high Alginate content do not mediate a
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uniform delivery of the loaded therapeutics [39]. Afterwards, the Gel
fraction of DOX + DOPA-rGO@PcpAcaGel and DOPA-rGO@PcpAc,Gel
was determined (Fig. S5). As expected, both formulations revealed a
similar Gel fraction of about 66-69 % (n = 3; Fig. S5). The chemical
composition of the DOX + DOPA-rGO@PcpAcaGel and DOP-
A-rGO@PcpAc,Gel was also confirmed by FTIR (Fig. S6), further
corroborating the successful preparation of the dual-crosslinked
hydrogels.

Afterwards, the degradation profile of the developed hydrogels was
assessed in biologically mimicking conditions (Fig. 1D). The DOX +
DOPA-rGO@PcpAcaGel and DOPA-rGO@PcpAcaGel exhibited a similar
degradation profile. After 1 day, these formulations lost about 52 % of
their weight. In the subsequent days, the DOX + DOPA-rGO@PcpAc,Gel
and DOPA-rGO@PcpAc,Gel continued to gradually lose their mass,
achieving a 78 % degradation after 7 days (Fig. 1D). Such degradation
was also visualized by SEM, which highlighted that the inner structure of
the dual-crosslinked hydrogels gradually changed over time (Fig. S7).
Hence, the degradation behavior exhibited by DOX + DOPA-rGO@Pc.
DAcaGel and DOPA-rGO@PcpAc,Gel may enable a sustained release of
the loaded therapeutic agents. As importantly, such degradation

behavior is also crucial to avoid the long-term residence of the hydrogels
after their administration. In stark contrast, DOPA-rGO@PcpGel became
almost completely degraded in just 3 h (weight loss ~ 85 %; Fig. S8),
demonstrating a poor stability in biologically mimicking conditions.
Furthermore, the degradation profile of DOPA-rGO@PcpGel could lead
to a premature and uncontrolled release of the therapeutics, compro-
mising the hydrogels’ anticancer activity. In fact, Pradal et al. has
described the quick collapse of hydrogels assembled using only Pluronic
F127 and o-Cyclodextrin (host-guest interaction) [40]. A similar
behavior has also been reported for other Pluronic F127-based hydrogels
[43]. On the contrary, the DOPA-rGO@Ac,Gel demonstrated a very slow
degradability, only achieving 11 and 38 % weight loss after 1 and 7 days,
respectively (Fig. 1D). Such behavior implies that DOPA-rGO@Ac,Gel
would display a slow body clearance, which is not ideal since it could
introduce unwanted effects. For instance, Su et al. also observed that
Alginate hydrogels crosslinked with Ca2* (electrostatic interactions)
displayed a slow degradation in biologically mimicking conditions [48].
Based on these results, the presence of the dual crosslinking (host-guest
plus electrostatic interactions) on the DOX + DOPA-rGO@PcpAc,Gel
and DOPA-rGO@PcpAc,Gel resulted in an improved degradation
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profile.

Then, the water absorption capacity of the produced hydrogels
(correlates to the swelling) was evaluated in biologically mimicking
conditions (Fig. 1E). The DOX + DOPA-rGO@PcpAcaGel and DOPA-
rGO@PcpAc,Gel demonstrated nearly identical water absorption pro-
files (Fig. 1E). The water uptake of these formulations peaked to 50-62
% during the first 60 min. At this initial stage, the increased osmotic
pressure within the hydrogels’ network could promote a high-water
absorption capacity. Afterwards, the water uptake of these formula-
tions started to decrease, reaching 37-41 % after 180 min. Such
behavior may be explained by the gradual removal of the solution
fraction, diminishing the osmotic pressure within the hydrogels’
network and causing them to lose the previously absorbed solvent. From
this timepoint onwards, DOX + DOPA-rGO@PcpAc,Gel and DOPA-
rGO@PcpAc,Gel did not display water absorption capacity since they
started to degrade/disintegrate (e.g., by hydrolysis or diffusion; Fig. S8).
Thus, the DOX + DOPA-TGO@PcpAc,Gel and DOPA-TGO@PcpAcaGel
exhibited a controlled and short-lived water uptake in biologically
mimicking conditions, suggesting a well-managed swelling. Such is of
utmost importance since an excessive and long-lasting swelling could
jeopardize the applicability of these hydrogels by potentially causing
discomfort/pain after their injection [45]. Compared to DOX + DOP-
A-rGO@PcpAc,Gel and DOPA-rGO@PcpAc,Gel, the single-crosslinked
hydrogels had very different water absorption capacities.

The DOPA-rGO@P¢pGel only absorbed water minimally by ~ 2 % for
15 min (Fig. 1E). The absence of a meaningful water uptake by DOPA-
rGO@PpGel is correlated with its close-to-instantaneous degradation
when immersed in biologically mimicking medium (Fig. S8). On the
other hand, the DOPA-rGO@A(,Gel revealed maximum water absorp-
tion of approximately 73 % after 180 min (Fig. 1E). The water uptake of
DOPA-rGO@Ac,Gel remained high at 59 % even after 720 min (Fig. 1E).
The long-lasting water absorption of DOPA-rGO@Ac,Gel might be an
impediment for its local administration. Indeed, Yu et al. also observed
that composite hydrogels with a greater content of Alginate-CaCl,
(electrostatic interaction) could display a swelling as high as 62 % even
after 24 h [49]. Taken together, these results highlighted that the dual
crosslinking (host-guest and electrostatic interactions) on the DOX +
DOPA-rGO@PcpAcaGel and DOPA-rGO@PcpAcaGel led to an amelio-
rated water absorption capacity, suggesting a well-managed swelling
profile.

Overall, the DOX + DOPA-rGO@PcpAc,Gel and DOPA-rGO@P¢pA-
caGel exhibited an enhanced degradation and water absorption behav-
iours, being these formulations selected for the subsequent assays.
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3.2. Assessment of the photothermal capacity of DOPA-rGO@PcpAcqGel
and DOX + DOPA-rGO@P¢pAc,Gel and the DOX release profile

After confirming the improved physicochemical properties of DOX +
DOPA-rGO@PcpAc,Gel and DOPA-rGO@PcpAc,Gel, the photothermal
capacity of these macroscale systems was assessed (Fig. 2A). To do so,
DOX + DOPA-rGO@PcpAc,yGel and DOPA-rGO@PcpAcaGel (56.5 pg/
mL of DOPA-rGO) were exposed to NIR light for 10 min (808 nm, 1.7 W/
cm?), being the temperature changes recorded. After 10 min of laser
irradiation, the DOX + DOPA-rGO@PcpAc.Gel and DOPA-rGO@PcpA-
caGel produced a photoinduced heat of 13.9 and 13.7 °C (AT), respec-
tively. Such hyperthermic effects can potentially damage cancer cells or
sensitize them to the action of chemotherapeutics, laying the foundation
for an enhanced therapeutic outcome [16,17].

As control, a dual-crosslinked hydrogel without DOPA-rGO (termed
as PcpAcaGel) was also exposed to NIR light but, as expected, it did not
generate a meaningful temperature increase (AT = 3.5 °C; Fig. 2A).
Water (control) irradiated with NIR light also displayed a scarce tem-
perature variation (AT = 2.9 °C; Fig. 2A), which is in consistent with its
weak interaction with NIR radiation [17,50]. Therefore, the good pho-
tothermal capacity of DOX + DOPA-rGO@PcpAc,Gel and DOP-
A-rGO@PcpAc,Gel is related with the presence of DOPA-rGO in these
formulations, which has a high NIR absorption (Fig. S1D). As antici-
pated, the inclusion of DOX in DOX + DOPA-rGO@PcpAc,Gel did not
impact the hydrogels’ photothermal capacity since DOX does not have
capacity to interact with NIR light [47,51].

Recently, Melo and colleagues produced a Chitosan-NaHCO3
hydrogel incorporating DOPA-rGO (66.7 pg/mL), which produced a
photoinduced heat (AT) of ~12 °C upon NIR laser incidence (808 nm,
1.7 W/cm? 10 min) [42]. Jiang et al. prepared Poly(ethylene
glycol)-based hydrogels crosslinked with Palladium nanosheets (pho-
tothermal agent), which generated a temperature increase (AT) of
around 11 °C upon irradiation with NIR light (808 nm, 0.6 W/cmz, 10
min) [51]. Shen team loaded ZnO-Graphene Oxide nanocomposites
(photothermal agent) into a Chitosan hydrogel, verifying the capacity of
this formulation to mediate a temperature increase (AT) of 10.2 °C upon
NIR laser exposure (100 pg/mL of nanocomposites; 808 nm, 2.0 W/cm?,
6 min) [52]. Herein, the interaction of DOX + DOPA-rGO@PcpAcaGel
and DOPA-rGO@PcpAc,Gel with NIR light (808 nm, 1.7 W/em?, 10
min) led to a temperature increase (AT) of 13.9 and 13.7 °C, respec-
tively, further attesting the good photothermal capacity of these
macroscale systems.

Then, the ability of the dual-crosslinked hydrogel to encapsulate
DOX was studied. In this regard, the DOX + DOPA-rGO@PcpAc,Gel
exhibited a remarkable DOX encapsulation efficiency of 97 +£2 % (n =
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J.J. Gongalves et al.

3). Afterwards, the impact of NIR laser exposure on the release of DOX
from DOX + DOPA-rGO@PcpAc,Gel was investigated (Fig. 2B). In the
absence of NIR light, the DOX + DOPA-rGO@PcpAc,Gel released 37 %
and 48 % of its DOX content within the first and third hours, respec-
tively. After this timepoint, the amount of DOX released from DOX +
DOPA-rGO@PcpAcaGel progressed into a plateau, being 55 % of DOX
released after 48 h. Hence, the DOX + DOPA-rGO@PcpAc,Gel displayed
a burst release of DOX in the first hours, followed by a sustained release.
Considering the envisioned administration route for DOX + DOPA-
rGO@PcpAc,Gel (intratumoral injection), its capacity to initially deliver
locally a high drug dose may prompt a strong therapeutic outcome [53,
54]. The good initial porosity of DOX + DOPA-rGO@PcpAc,Gel may
also play a role on its capacity to release DOX (Fig. S7). Moreover, the
DOX + DOPA-rGO@PcpAca,Gel ability to sustain the DOX release over-
time may potentially contribute to diminish the likelihood of tumor
relapse [55,56]. Such drug release profile from DOX + DOP-
A-rGO@PcpAc,Gel is likely to be mainly controlled by the hydrogels’
swelling (Fig. 1E), but it may also be impacted by the hydrogels’
degradation kinetics (Fig. 1D and S7). Considering that a full DOX
release was not achieved (i.e., 100 %), interactions between the DOX and
the hydrogels’ polymeric network may also play a role on conditioning
the drug release profile. On the other hand, when DOX + DOP-
A-rGO@PcpAc,Gel was exposed to NIR light (808 nm, 1.7 W/em?, 10
min) at the 2-h mark, there was a slightly increase in the amount of DOX
released (Fig. 2B).

In fact, the irradiation of DOX + DOPA-rGO@PcpAcaGel with NIR
light could enhance the DOX released by up to 1.18-times (Fig. 2B). Such
NIR light-augmented DOX release may result from a photothermally-
induced expansion/destabilization of the hydrogels’ polymeric
network (Fig. S9) or from a photothermally-enhanced drug diffusion
[57].

The NIR light-enhanced DOX release from DOX + DOPA-rGO@Pc.
DpAcaGel may open a venue for an improved chemo-photothermal effect.
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3.3. Assessment of the cytocompatibility of DOPA-rGO@PcpAcqGel

After confirming the DOPA-rGO@PcpAc,Gel improved physico-
chemical properties (injectability, in situ gelation, degradability and
water absorption capacity) as well as its suitable photothermal capacity,
the cytocompatibility of this formulation was assessed (Fig. 3A). For this
purpose, NHDF (healthy cells) and MCF-7 cells (breast cancer cells) were
incubated with DOPA-rGO@PcpAc,Gel for 24 and 48 h, being then the
cells’ viability determined through the resazurin assay (Fig. 3B and C).
The DOPA-rGO@PcpAc,Gel demonstrated an excellent cytocompati-
bility profile towards both cell lines (Fig. 3B and C). In fact, NHDF
incubated with DOPA-rGO@PcpAc,Gel during 24 and 48 h displayed a
viability of 90 and 92 %, respectively (Fig. 3B). Similarly, MCF-7 cells
exposed to DOPA-rGO@PcpAc,Gel for 24 and 48 h also presented a
viability of 102 and 85 %, respectively (Fig. 3C).

The obtained results are aligned with good cytocompatibility of
hydrogels assembled using Pluronic F127/a-Cyclodextrin and Alginate/
Ca?* reported elsewhere [41,58]. For example, Xu and colleagues
verified that NIH 3T3 cells exposed to a Pluronic F127/a-Cyclodextrin
hydrogel for 24 h remained with a viability of ~91 % [41]. In another
work, Zhang’s team prepared a hydrogel based on Alginate, CaCO3, and
Gluconic acid lactone (the reaction between gluconic acid lactone and
CaCOs yields Ca®"), verifying its cytocompatibility towards 4T1 cells
(viability of ~82 % after 24 h of hydrogels’ incubation) [58]. Further-
more, our research group has also demonstrated the good cytocompat-
ibility of the DOPA-rGO as a nanomaterial and when encapsulated in
hydrogels [19,42,47].

Taken together, these results further attest the DOPA-rGO@PcpAca.
Gel cytocompatibility, enabling the use of this dual-crosslinked macro-
scale system for phototherapeutic applications.
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Fig. 3. Assessment of the cytocompatibility of the DOPA-rGO@PcpAc.Gel. (A) Illustrative representation of the cytocompatibility assay. Viability of (B) NHDF and
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3.4. Evaluation of the photothermal therapy mediated by DOPA-
rGO@PcpAc.Gel and chemo-photothermal therapy mediated by DOX +
DOPA-TGO@PcpAceGel

Subsequently, the photothermal therapy mediated by DOPA-
rGO@PcpAcaGel (56.5 pg/mL of DOPA-rGO) and chemo-photothermal
therapy mediated by DOX + DOPA-rGO@PcpAc,Gel (56.5 pg/mL of
DOPA-rGO; 24.4 pg/mL of DOX) were assessed on MCF-7 cells through
the resazurin assay (Fig. 4A). With this in mind, the MCF-7 cells were
incubated with hydrogels, being then exposed to NIR light (808 nm, 1.7
W/cm?, 10 min) (Fig. 4A).

As anticipated, MCF-7 cells exposed to just NIR light did not exhibit
variations in their viability (=97 %,; Fig. 4B). Such result is in agreement
with the scarce temperature variation obtained when water was irra-
diated with NIR light (AT < 3 °C). In fact, the NIR light per se has
minimal interactions with biological components (e.g., water, melanin,
hemoglobin), and thus, it is not impactful on cells’ viability [47,59,60].

Similarly, MCF-7 cells exposed to DOPA-rGO@PcpAc,Gel also
remained highly viable (=102 %; Fig. 4B), being in agreement with the
cytocompatibility results reported in the previous section (Fig. 3C).
Surprisingly, the combined action of DOPA-rGO@PcpAc,Gel and NIR
light (ie., hydrogels’ photothermal therapy) did not decrease mean-
ingfully the viability of the cancer cells (98 %; Fig. 4B). Such data
implies that the hydrogels’ photothermal effect per se is not capable of
inducing the cancer cells’ death. In turn, the DOX + DOPA-rGO@Pc.
DAcaGel (i.e., hydrogels’ chemotherapy) lowered slightly the cancer
cells’ viability to 70 % (Fig. 4B). Considering that the action of free DOX
decreased the cancer cells’ viability to ~12 % (Fig. S10), this data
highlights the ability of DOX + DOPA-rGO@PcpAcaGel to control the
release of DOX, paving the way for an on-demand therapeutic outcome.
In fact, the combined action of DOX + DOPA-rGO@PcpAcaGel and NIR
light (i.e., hydrogels’ chemo-photothermal therapy) diminished the
cancer cells’ viability to just 23 % (Fig. 4B). Thereby, the improved
outcome prompted by DOX + DOPA-rGO@PcpAc,Gel plus NIR light
may be correlated with the ability of the hydrogels’ photothermal
heating to boost the DOX release and to sensitize cancer cells to DOX
action. In this way, the DOX + DOPA-rGO@P¢pAc,Gel had an excellent
control over the therapeutic outcome since it barely affected the breast
cancer cells (viability ~ 70 %), but upon NIR laser irradiation, the ef-
ficacy of this dual-crosslinked macroscale system was boosted by ~ 3.04-

—
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times, leading to cancer cells’ ablation (viability ~ 23 %) — Fig. 4B. This
trend was also corroborated by the CellTiter-Glo® 2.0 assay (ATP-based
cell viability determination; Fig. S11) and by Calcein-AM/PI staining
(Live/Dead imaging; Fig. S12).

For instance, Chen et al. developed a chitosan/oxidized-konjac glu-
comannan injectable hydrogel containing gold nanoparticles (photo-
thermal agent) and Oxaliplatin@cucurbit[7]uril (100 pM of Oxaliplatin;
chemotherapeutic drug-loaded carrier) [61]. When irradiated two-times
with NIR light for 10 min (808 nm, 2 W/cm?), this hydrogel mediated a
chemo-photothermal effect that reduced HCT116 cells’ viability to 23.2
% [61]. Lima-Sousa et al. prepared a chitosan-agarose injectable
hydrogel that incorporated reduced graphene oxide (10 pg/mL; photo-
thermal nanoagent) and a DOX-Ibuprofen combination (90.4 pM;
chemotherapeutic cocktail), which after exposure to NIR light (808 nm,
1.7 W/cmz, 10 min), reduced the viability of MCF-7 cells to 34 % [45].
In this work, the combination of DOX + DOPA-rGO@PcpAcaGel (56.5
pg/mL of DOPA-rGO; 24.4 pg/mL of DOX) with NIR laser irradiation
(808 nm, 1.7 W/cmz, 10 min) diminished the viability of breast cancer
cells to just 23 %. In this way, the DOX + DOPA-rGO@PcpAc,Gel is a
promising dual-crosslinked macroscale system for application in the
chemo-photothermal therapy of breast cancer cells.

4. Conclusion

In this work, a dual-crosslinked injectable in situ forming hydrogel
was engineered by combining Pluronic F127/a-Cyclodextrin and Algi-
nate/CaCly (host-guest plus electrostatic interactions), being loaded
with DOX and DOPA-rGO to be applied, for the first time, in cancer
chemo-photothermal therapy. The dual-crosslinked hydrogels (DOX +
DOPA-rGO@PcpAc,Gel and DOPA-rGO@PcpAc,Gel) showed inject-
ability and in situ gelation capacity as well as suitable degradation and
water absorption capacity behaviors. In contrast, the single-crosslinked
hydrogels had a very different behavior. Even though the DOPA-
rGO@P¢pGel (host-guest crosslinked hydrogel) displayed injectability
and in situ gelation, this formulation had a premature degradation in
biologically mimicking medium. In turn, the DOPA-rGO@Ac,Gel
(electrostatic crosslinked hydrogel) did not present injectability, had an
irregular incorporation of the therapeutics, and displayed a long-lasting
water uptake. Therefore, the dual-crosslinking (host-guest plus electro-
static interactions) present on DOX + DOPA-rGO@PcpAc,Gel and
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Fig. 4. Evaluation of the photothermal therapy mediated by DOPA-rGO@PcpAca,Gel and chemo-photothermal therapy mediated by DOX + DOPA-rGO@PcpAcaGel.
(A) Schematic illustration of the chemo-photothermal therapy mediated by DOX + DOPA-rGO@PcpAc,Gel. (B) Viability of MCF-7 cells exposed to DOPA-
rGO@PcpAc,Gel (56.5 pg/mL of DOPA-rGO) and DOX + DOPA-rGO@PcpAc,Gel (56.5 pg/mL of DOPA-rGO; 24.4 pg/mL of DOX) without (W/o NIR) and with NIR

laser irradiation (W/NIR; 808 nm, 1.7 W/cm?, 10 min) (assessed by the resazurin assay). Data represents mean + S.D., n = 5 (****p < 0.0001, ns = non-significant).
K~ W/o NIR represents the negative control (i.e., non-treated cells). K~ W/NIR corresponds to cells only exposed to NIR light. K* W/o NIR denotes the positive
control (i.e., ethanol treated cells). K™ W/NIR denotes ethanol treated cells exposed to NIR light.
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DOPA-rGO@PcpAc,Gel contributed to the assembly of formulations
with improved physicochemical properties. Moreover, the DOX +
DOPA-rGO@PcpAc,Gel and DOPA-rGO@PcpAc,Gel displayed a good
photothermal capacity, being able to mediate a temperature increase of
~214 °C (AT) upon NIR laser irradiation. Such photothermal heating also
improved the release of DOX from DOX + DOPA-rGO@PcpAc,Gel by
1.18 times. The in vitro studies highlighted the good cytocompatibility of
DOPA-rGO@PcpAcaGel towards both NHDF and MCF-7 cells. When
MCF-7 cells were exposed to DOPA-rGO@PcpAc,Gel plus NIR light
(hydrogels’ photothermal therapy), their viability remained at 98 %. In
turn, DOX + DOPA-rGO@PcpAc,Gel (hydrogels’ chemotherapy) only
decreased the cancer cells’ viability to 70 %. In stark contrast, the
combined action of DOX + DOPA-rGO@PcpAc,Gel and NIR light
(hydrogels’ chemo-photothermal therapy) diminished the cancer cells’
viability to just 23 %. Overall, the DOX + DOPA-rGO@PcpAc,Gel is a
promising macroscale system for the chemo-photothermal therapy of
breast cancer cells. In the future, in vivo studies will be crucial to validate
the hydrogels’ biodegradability, biocompatibility and chemo-
photothermal capacity on more complex models. Moreover, the hydro-
gels’ chemo-photothermal capacity may also be explored in the treat-
ment of other cancers (e.g, melanoma). Additional agents (e.g.,
photosensitizers, immunomodulators) can also be encapsulated in these
dual-crosslinked hydrogels to unlock other combinatorial therapeutic
modalities.
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