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Nanomaterials’ application in cancer therapy has been driven by their ability to encapsulate chemotherapeutic
drugs as well as to reach the tumor site. Nevertheless, nanomedicines’ translation has been limited due to their
lack of specificity towards cancer cells. Although the nanomaterials’ surface can be coated with targeting ligands,
such has been mostly achieved through non-covalent functionalization strategies that are prone to premature
detachment. Notwithstanding, cancer cells often establish resistance mechanisms that impair the effect of the
loaded drugs. This bottleneck may be addressed by using near-infrared (NIR)-light responsive nanomaterials. The
NIR-light triggered hyperthermic effect generated by these nanomaterials can cause irreversible damage to
cancer cells or sensitize them to chemotherapeutics’ action. Herein, a novel covalently functionalized targeted
NIR-absorbing nanomaterial for cancer chemo-photothermal therapy was developed. For such, dopamine-
reduced graphene oxide nanomaterials were covalently bonded with hyaluronic acid, and then loaded with
doxorubicin (DOX/HA-DOPA-rGO). The produced nanomaterials showed suitable physicochemical properties,
high encapsulation efficiency, and photothermal capacity. The in vitro studies revealed that the nanomaterials are
cytocompatible and that display an improved uptake by the CD44-overexpressing breast cancer cells. Impor-
tantly, the combination of DOX/HA-DOPA-rGO with NIR light reduced breast cancer cells’ viability to just 23 %,
showcasing their potential chemo-photothermal therapy.

1. Introduction

Small molecule driven approaches have been the main resource for
treating cancer (Zhong et al., 2021). Despite the intense research, the
currently available chemotherapeutic molecules are still plagued by
poor efficacy and weak selectivity towards cancer cells (Ankathil, 2019;
Gyanani et al., 2021). This last issue is responsible for the known side
effects induced by chemotherapy, that can span from nausea and hair
loss to severe organ complications (e.g., liver disfunction, cardiovascular
problems) (Kuderer et al., 2022).

Over the years, different types of technological approaches have
been explored to address these limitations of the chemotherapeutic
drugs (Wei et al., 2021). In particular, the use of nanomaterials for
cancer therapy has been providing exciting results (Cheng et al., 2021).
Nanoparticles can encapsulate chemotherapeutic drugs in their core/
reservoirs, hence increasing the drugs’ solubility (Cheng et al., 2021;
Dutta et al., 2021). One of the most notable characteristics of the
nanoparticles is their capacity to passively accumulate within the tumor
site, through the so-called enhanced permeability and retention effect
(Alves et al.,, 2022b; Attia et al., 2019). In this way, drug-loaded
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nanomaterials have the potential to deliver high drug-dosages at the
tumor site, with lower systemic exposure (Yan et al., 2020a; Yao et al.,
2020). Such is crucial to improve the efficacy and safety of the chemo-
therapeutic agents.

Despite all these exciting results, the harsh reality is that the clinical
translation of nanomedicines has been slow (Hua et al., 2018). This fact
can be attributed to a multitude of complex factors, namely to the
inability of most nanomedicines to be specifically internalized by cancer
cells and to the drug resistance mechanisms developed by cancer cells
(Bukowski et al., 2020; Cheng et al., 2021; Liu et al., 2023; Mitchell
et al., 2021; Ortiz et al., 2021). The first challenge (lack of selectivity)
can be addressed by functionalizing nanomaterials with targeting li-
gands (Clemons et al., 2018; Pearce and O’Reilly, 2019). Cancer cells
overexpress several receptors on their membrane (e.g., folate receptor,
transferrin receptor, CD44 receptor) and, thus, nanoparticles can be
functionalized with the respective ligands (e.g., folic acid, transferrin,
hyaluronic acid) to improve their selectivity (Clemons et al., 2018;
Pearce and O’Reilly, 2019; Tian et al., 2022). The production of targeted
nanomaterials is often achieved by non-covalently coating the nano-
materials with amphiphilic polymers containing the targeting agent (e.
g., DSPE-PEG-FA) (Cintra et al., 2022; Granja et al., 2022; Li et al,,
2023a; Zhang et al., 2022b). However, this widely used strategy has
drawbacks related to the stability of the non-covalent coating (ie.,
detachment) and it is also very sensitive to the formulation conditions (i.
e., it has a complex scale-up) (Schubert and Chanana, 2018; Shi et al.,
2021; Yan et al., 2020b).

Regarding the drug resistance problems, nanomaterials can also be
engineered to exert their therapeutic effect by alternative pathways. In
particular, some types of nanomaterials can induce hyperthermic effects
upon interaction with light (Chien et al., 2019; Huang et al., 2023; Sun
et al., 2024; Zhang et al., 2022a). In this therapeutic approach, raising
the temperature to 50 °C (or higher) can provoke irreversible harmful
effects on cancer cells (e.g., protein denaturation, cell membrane
collapse, enzymatic dysfunction). Cumulatively, these effects can induce
the death of cancer cells through necrosis (Chu and Dupuy, 2014). In
cancer photothermal applications, it is also fundamental to use near-
infrared (NIR; 750 — 1000 nm) light due to its high penetration depth
and minimal interactions with endogenous molecules (e.g., water,
melanin, proteins) (Alves et al., 2022b). In this way, NIR-light absorbing
nanomaterials hold the potential to exert a spatio-temporal controlled
effect that is weakly-prone to be affected by the resistance mechanisms
established by cancer cells (Alves et al., 2022b). Still, nanomaterials
mediated photothermal therapy can prompt a non-homogeneous heat
distribution within the tumor (Jiang et al., 2021; Ren et al., 2022). Such
results from the nanoparticles higher accumulation in the outer/external
areas of the tumor mass, rendering the deep-seated cancer cells unex-
posed to the photothermal effect (Jiang et al., 2021).

This peripheric effect of nanomaterials’ photothermal therapy can be
addressed by combining it with chemotherapeutic drugs. In brief,
chemotherapeutic drugs can be loaded into the NIR-responsive nano-
materials (Khafaji et al., 2019; Patel et al., 2022). Subsequently, when
these are exposed to NIR light, the attained photothermal heating can: i)
induce damage on cancer cells (mostly on tumor’s periphery), ii) trigger
the release of the loaded drugs (which can then diffuse to deeper tumor
zones), and iii) sensitize cancer cells to the action of chemotherapeutics
(Khafaji et al., 2019; Patel et al., 2022). This last ability also opens a
venue for synergistic chemo-photothermal effects by increasing cancer
cells’ permeability to the drugs and inhibiting the DNA repair mecha-
nisms (which can impair the chemotherapeutic agents’ action) (Li et al.,
2019).

In this work, a novel covalently functionalized targeted NIR-
absorbing nanomaterial for cancer chemo-photothermal therapy was
developed. For such, and for the first time, dopamine-reduced graphene
oxide (DOPA-rGO) nanomaterials were covalently bonded with hyal-
uronic acid (HA), and then loaded with doxorubicin (DOX, a model
chemotherapeutic drug). DOPA-rGO was selected due to its high
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photothermal capacity in response to NIR light, and surface chemistry.
The catechol-based surface of DOPA-rGO serves a dual role: i) it is
compatible with Michael-type additions, enabling covalent functional-
ization approaches (Li et al., 2023b), and ii) allows the encapsulation of
a wide variety of molecules through non-covalent attachment (hydro-
phobic-hydrophobic interactions or -t stacking) (Melo et al., 2023). In
turn, HA was chosen because of its capacity to bind to the CD44 re-
ceptors, which are overexpressed on the membranes of cancer cells. To
bind HA to DOPA-rGO, the former was grafted with cysteine, yielding
HA-SH. Then, DOPA-rGO was covalently functionalized with HA-SH,
through a Michael-type addition, followed by loading of DOX, and
their potential for breast cancer chemo-photothermal therapy was
investigated.

2. Materials and methods
2.1. Materials

HA (extra low molecular weight, 8000-15,000 Da) and DOX were
acquired from Carbosynth (Berkshire, UK). N-Hydroxysuccinimide
(NHS), cysteine (Cys), graphene oxide (GO), Dulbecco’s modified eagle
medium F12 (DMEM-F12), fetal bovine serum (FBS), penicilin/strep-
tomycin, rhodamine B (RB), triton X-100 and paraformaldehyde (PFA)
were all bought from Sigma Aldrich (Lisboa, Portugal). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and calcein-AM were pur-
chased from Merck Life Science (Algés, Portugal). Dopamine Hydro-
chloride is from Acros Organics (Geel, Belgium) and tris
(hydroxymethyl)aminomethane (Tris) is from Fisher Scientific (Oeiras,
Portugal). Michigan cancer foundation-7 (MCF-7) was acquired from
ATCC (Middlesex, UK) and normal human dermal fibroblasts (NHDF)
from Promocell (Heidelberg, Germany). Hoechst 33342® was obtained
from Invitrogen (Massachusetts, USA) and propidium iodide (PI) from
Alfa Aesar (Kandel, Germany). T-flasks and cell culture plates were
gotten from Thermofisher Scientific (Massachusetts, USA). Plates for cell
imaging were bought from Ibidi GmbH (Munich, Germany). The water
utilized in all experiments was double deionized (0.22 pm filter, 18.2
MQ cm), and GO underwent 6 h of sonication prior to its use.

2.2. Methods

2.2.1. Production of DOX loaded HA-functionalized DOPA-rGO

The production of the DOX loaded HA-functionalized DOPA-rGO
(DOX/HA-DOPA-rGO) was a tri-step process. First, the DOPA-rGO was
produced by reacting an aqueous solution of GO (500 pg/mL; 1 mL; pH
8.5) and dopamine (2500 mg) for 4 h at 60 °C, according to the method
established by our team (Lima-Sousa et al., 2021). Afterwards, the
DOPA-rGO (500 pg/mL, 1 mL, in 10 mM Tris pH 8.5) was covalently
functionalized with HA-SH (1000 ng; the synthesis of HA-SH is described
in the Supplementary Information) through a Michael-type addition,
under sonication for 1 h. This solution was then dialyzed against water
for 2 h (14 kDa molecular weight cut-off membrane), yielding HA-
DOPA-rGO. Finally, DOX (118.4 pg in methanol) was added to the
HA-DOPA-rGO (200 pg/mL, 1 mL), sonicated for 1 h, and dialyzed
against water to remove non-loaded DOX (0.5-1 KDa molecular weight
cut-off membrane) for 2 h, yielding DOX/HA-DOPA-rGO.

2.2.2. Characterization of HA-DOPA-rGO and DOX/HA-DOPA-rGO
Fourier transform infrared (FTIR) spectroscopy analysis was con-
ducted to validate the successful coating of DOPA-rGO with HA-SH. The
size distribution of DOPA-rGO, HA-DOPA-rGO and DOX/HA-DOPA-rGO
was analyzed by Dynamic light scattering (DLS) using a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK) at a 173° scattering
angle. The same equipment was used to determine the charge of the
nanomaterials in biologically mimicking medium (DMEM-F12 supple-
mented with 10 % (v/v) of FBS). The colloidal stability of HA-DOPA-rGO
and DOX/HA-DOPA-rGO was evaluated by recording their size changes
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over time when dispersed in biologically mimicking medium by DLS.
The size and morphology of HA-DOPA-rGO and DOX/HA-DOPA-rGO
were examined through Transmission electron microscopy (TEM). To
facilitate the samples’ imaging, these underwent staining with phos-
photungstic acid (2 % (w/v)) prior to their analysis in an HT7700
Transmission electron microscope (Hitachi Ltd., Tokyo, Japan; operated
at an acceleration voltage of 80 kV). The ability of the produced nano-
materials to absorb NIR light was assessed in an Evolution 201 spec-
trophotometer (Thermofisher Scientific, Massachusetts, USA). The
content of DOX in DOX/HA-DOPA-rGO was determined by absorption
spectroscopy (Melo et al., 2021). Firstly, the absorbance of the DOX/HA-
DOPA-rGO samples in water:methanol 1:1 (v/v) was recorded at 808 nm
and 498 nm (the standard curves were also performed in water:meth-
anol 1:1 (v/v)). Then, the concentration of DOPA-rGO in DOX/HA-
DOPA-rGO was determined by using a standard curve of DOPA-rGO at
808 nm (HA-SH and DOX don’t have absorbance at 808 nm). After-
wards, the determined concentration of DOPA-rGO and a standard curve
of DOPA-rGO at 498 nm were used to determine its absorption at this
specific wavelength. The determined absorption of DOPA-rGO at 498
nm was subtracted to that of the DOX/HA-DOPA-rGO samples (at 498
nm), yielding the absorption of DOX at 498 nm (HA-SH does not have
absorbance at this wavelength). Lastly, the determine absorption of DOX
at 498 nm and the standard curve of DOX at 498 nm was used to
calculate the content of DOX in the DOX/HA-DOPA-rGO samples (Melo
et al., 2021).

2.2.3. Evaluation of the nanomaterials’ photothermal capacity and NIR
light-enhanced drug release

To assess the nanomaterials’ photothermal capacity, HA-DOPA-rGO
and DOX/HA-DOPA-rGO (at various concentrations) were subjected to
NIR light irradiation (808 nm, 1.7 W/cm?) for up to 5 min, being the
resulting temperature increases recorded using a thermocouple ther-
mometer (Alves et al., 2022a). As control, water was also irradiated with
NIR light. The selected laser parameters (808 nm, 1.7 W/cmz, 5 min)
were based on previous works that highlighted their safety (Man-
ivasagan et al., 2018; Nave et al., 2023; Peltek et al., 2023). Further-
more, to evaluate the photothermal stability of HA-DOPA-rGO and
DOX/HA-DOPA-rGO, these nanomaterials were submitted to five
consecutive cycles of NIR laser irradiations (each cycle: 808 nm, 1.7 W/
cm?, 5 min), being the nanomaterials’ photothermal capacity, Vis-NIR
absorbance and size distribution analyzed (Melo et al., 2023). The
nanomaterials were allowed to cool between each irradiation cycle.

The impact of NIR laser irradiation on the release of DOX from DOX/
HA-DOPA-rGO was studied following a previously published protocol
(Nave et al., 2023). For such, DOX/HA-DOPA-rGO was dissolved in PBS
(at pH 7.4), placed into a dialysis membrane (0.5 — 1 kDa molecular
weight cut-off), and it was dialyzed against PBS (at pH 7.4) at 37 °C
under constant stirring, for a total of 48 h. At predetermined time points,
samples were collected and analyzed by absorption spectroscopy to
determine the amount of DOX released. During the release assay, one of
the groups was exposed to NIR light irradiation (808 nm, 1.7 W/cm?, 5
min) at the 4 h mark.

2.2.4. Evaluation of the cytocompatibility of HA-DOPA-rGO

For the in vitro studies, all cell lines were maintained in culture flasks
with DMEM-F12 medium supplemented with FBS (10 % (v/v)) and
penicillin/streptomycin (1 % (v/v)), in an incubator with a controlled
humidified atmosphere (37 °C; 5 % CO5).

The cytocompatibility of HA-DOPA-rGO was assessed on breast
cancer (using MCF-7 cells) and healthy (using NHDF) cell models (Nave
et al., 2023). For this, 1 x 10* cells/well were seeded in 96-well plates.
After 24 h of growth, the medium was replaced by fresh culture medium
containing HA-DOPA-rGO at various concentrations (5 — 100 pg/mL of
[DOPA-rGO]). Subsequently, the cells were allowed to incubate for 24
and 48 h in the presence of the nanomaterials. Following this incubation
period, fresh culture medium containing resazurin (10 % (v/v)) was
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incubated with the cells for 4 h in the dark (37 °C, 5 % CO5). The cellular
viability was determined by measuring the fluorescence of resorufin (Aex
= 560 nm; Aem = 590 nm) using a Spectramax Gemini EM Spectroflu-
orometer (Molecular Devices LLC, USA). Negative control cells were
solely incubated with culture medium, while positive control cells were
exposed to 70 % (v/v) ethanol.

2.2.5. Evaluation of HA-DOPA-rGO cellular uptake

The uptake of fluorescently labelled HA-DOPA-rGO was investigated
in MCF-7 cells (CD44 overexpressing breast cancer cell line) and NHDF
(healthy cell line without CD44 overexpression) (Alves et al., 2019).
Prior to this analysis, HA-DOPA-rGO (200 pg/mL; 1 mL) was first
labelled with RB (fluorescent dye) by a straightforward sonication
method (Zhang et al., 2010), being the non-loaded dye removed by
dialysis against water (0.5-1 kDa molecular weight cut-off membrane) —
RB/HA-DOPA-rGO. The successful labelling of HA-DOPA-rGO with RB
was confirmed by DLS and fluorescence spectroscopy. Confocal laser
scanning microscopy (CLSM) was employed to observe the uptake of
RB/HA-DOPA-rGO by MCF-7 cells and NHDF. In brief, each cell line was
seeded in p-slide 8-well imaging plates at the density of 1.5 x 10* cell/
well. After totaling 48 h of growth, the cell culture medium was replaced
by fresh one containing RB/HA-DOPA-rGO (at 75 pg/mL of [DOPA-
rGO]). For comparison purposes, both cell lines were also pre-treated
with free HA (i.e., to saturate the CD44 binding sites) for 4 h before
the nanomaterials’ incubation (Rodrigues et al., 2021). After 4 h of in-
cubation with the nanomaterials, cells were rinsed with a phosphate
buffered saline (PBS) solution, fixed with PFA 4 % (w/v) for 15 min at
room temperature, and washed again with PBS. The cells’ nucleus was
labelled with Hoechst 33342® for 30 min (at room temperature), fol-
lowed by a washing step with PBS. The fluorescence images were ac-
quired in a Zeiss LSM 710 Confocal Microscope (Oberkochen, Germany)
using Aex/Aem = 405/410-499 nm (Hoechst 33342®) and Aex/Aem =
514/513-703 nm (RB). Non-treated cells were used as control. The
uptake of RB/HA-DOPA-rGO by MCF-7 cells and NHDF was quantified
by fluorescence spectroscopy (Alves et al., 2022a). For such, both MCF-7
cells and NHDF were seeded as described in 2.2.4. Prior to their incu-
bation with RB/HA-DOPA-rGO, cells were also pre-treated with free HA
as described above. After 24 h of growth, cells were incubated with fresh
culture medium containing RB/HA-DOPA-rGO (75 pg/mL of [DOPA-
rGO]) for 4 h. Then, the cells underwent two rounds of rinsing with
ice-cold Krebs-Ringer bulffer, followed by lysis in Triton X-100 (1 % (v/
v) in Krebs-Ringer buffer) under orbital stirring for 30 min. Finally, the
fluorescence of RB/HA-DOPA-rGO in the cell lysate was quantified using
a spectrofluorometer (Aex/Aem = 550/580 nm). Cells only incubated with
culture medium were used as the blank.

2.2.6. Evaluation of the photothermal therapy mediated by HA-DOPA-rGO
and chemo-photothermal therapy mediated by DOX/HA-DOPA-rGO

The photothermal therapy mediated by HA-DOPA-rGO and chemo-
photothermal therapy mediated by DOX/HA-DOPA-rGO were evalu-
ated through the resazurin method (Lima-Sousa et al., 2021). Succinctly,
MCF-7 cells were seeded as described in 2.2.4. After 24 h, the cells were
incubated with fresh culture medium containing HA-DOPA-rGO (at 50
and 75 pg/mL of [DOPA-rGO]) or DOX/HA-DOPA-rGO (at 27/50 and
40.5/75 ng/mL of [DOX]/[DOPA-rGO]). After 4 h, the cells were irra-
diated with NIR light (808 nm, 1.7 W/crnz, 5 min). After 24 h of incu-
bation with these nanomaterials, the cells were incubated with fresh
culture medium containing resazurin (10 % (v/v)) for 4 h in the dark
(37 °C, 5 % COy), being their viability determined as described in section
2.2.4.

For the visualization of the phototherapeutic effects, the MCF-7 cells
were seeded in p-slide 8-well imaging plates as described in the section
2.2.5. After 48 h, the culture medium was replaced with fresh medium
containing HA-DOPA-rGO (75 pg/mL of [DOPA-rGO]) or DOX/HA-
DOPA-rGO (40.5/75 pg/mL of [DOX]/[DOPA-rGO]) and irradiated
with NIR light (808 nm, 1.7 W/cm?, 5 min) 4 h later. Then, the cells were
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stained with calcein-AM and PI for the visualization of live and dead
cells, respectively. The fluorescence images were acquired by CLSM
using a Aex/Aem Of 488/493-556 (calcein-AM) and 561/566-719 nm
(PI). Cells solely incubated with culture medium were used as control for
live cells.

2.2.7. Statistical analysis

The comparison of multiple groups was caried out using the one-way
analysis of variance (ANOVA) with the Student-Newman-Keuls test. A
p-value lower than 0.05 (p < 0.05) was considered statistically signifi-
cant. All data are represented as the mean + standard deviation (S.D.).
The GraphPad Prism v6.0 (Trial version, GraphPad Software, CA, USA)
was used for data analysis.

3. Results and discussion

3.1. Production and characterization of HA-DOPA-rGO and DOX/HA-
DOPA-rGO

In order to prepare a targeted covalently functionalized nano-
material for cancer chemo-photothermal therapy, the catechol-based
surface of DOPA-rGO (prepared according to the environmentally
friendly method previously established by our group (Lima-Sousa et al.,
2021)) was covalently conjugated with HA-SH (characterized in the
Supplementary Information and in Figure S1) through a Michael-type
addition, followed by loading of DOX (DOX/HA-DOPA-rGO) (Fig. 1A).

The successful functionalization of DOPA-rGO with HA-SH was
confirmed by FTIR (Figure S2). The DOPA-rGO presented peaks at 1568
em ' (C=C stretch), 1373 em™! (C-N stretch) and 1506 cm ™! (N-H
bend), which are in agreement with the data available in the literature
(Huang et al., 2015; Zhang et al., 2018a). The spectrum of HA-SH
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HA-SH
—— Ral
= oH 8.5
1h
- Natural polymer
- Covalent functionalization
- CD44 Targeting capacity
- Biocompatible
HA-SH
(B) 15
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2
®
c
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revelated peaks at 1557 em™!, 1563 em™!, and 3289 cm! corre-
sponding to N-H in secondary amides, N-H bending, and O-H/N-H
stretches, respectively (Ashwinkumar et al., 2014). In turn, the HA-
DOPA-rGO spectrum displayed the above described characteristics
peaks of DOPA-rGO and HA-SH, hence confirming its successful
assembly.

Moreover, the DLS analysis confirmed that the functionalization of
DOPA-rGO with HA-SH was not detrimental for its size distribution
(Fig. 1B). Indeed, both DOPA-rGO and HA-DOPA-rGO exhibited a
nanoscale size distribution, falling within the range considered ideal for
passive tumor accumulation (Blanco et al., 2015; Etter et al., 2021; Xu
et al., 2023a). The TEM analysis further confirmed the lateral di-
mensions of HA-DOPA-rGO (188 + 68 nm; Fig. S3C) as well as its sheet-
like morphology (Fig. S3A), which is a characteristic of graphene-based
nanostructures (Domenech et al., 2020; Melo et al., 2023; Robinson
et al., 2011).

The zeta potential analysis revealed that the surface charge of DOPA-
rGO was —8.9 + 0.9 mV, while the HA-DOPA-rGO displayed a surface
charge of —10.2 + 0.8 mV (Figure S4). Considering that HA-based
nanomedicines are negatively charged (Kim et al., 2019), this slightly
lower surface charge of HA-DOPA-rGO is also indicative of the suc-
cessful functionalization. As importantly, the surface charge of HA-
DOPA-rGO is within the range deemed favorable for cancer-related
applications (zeta potential between —10 to + 10 mV) (Blanco et al.,
2015).

Then, the chemotherapeutic drug DOX was loaded into the aromatic
lattice of HA-DOPA-rGO through hydrophobic interactions and -1t
stacking (Alemi et al., 2020; Melo et al., 2023). The DLS analysis
confirmed that the loading of DOX into HA-DOPA-rGO did not affect its
nanometric size distribution (Fig. 1B). Similarly, the TEM analysis also
showed that DOX/HA-DOPA-rGO has a sheet-like morphology and

DOX/HA-DOPA-rGO

HA

(€) 15

" — DOPA-rGO
3 1 — HA-DOPA-rGO
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<
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Fig. 1. (A) Schematic representation of the process used to obtain DOX/HA-DOPA-rGO. (B) DLS size distribution of DOPA-rGO, HA-DOPA-rGO and DOX/HA-DOPA-
rGO (at 25 pg/mL of [DOPA-rGO]). (C) Visible-NIR absorption spectra of DOPA-rGO, HA-DOPA-rGO and DOX/HA-DOPA-rGO (at 25 pg/mL of [DOPA-rGO]).
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nanoscale dimensions (lateral size of 198 + 77 nm) that resemble those
of HA-DOPA-rGO (Fig. S3B and D). The DOX/HA-DOPA-rGO zeta po-
tential was determined to be —7.1 £+ 0.3 mV (Figure S4). This increase in
the DOX/HA-DOPA-rGO surface charge can be attributed to the loading
of DOX, since this molecule has positively charged groups (Hernandes
et al., 2023). In fact, the content of DOX in DOX/HA-DOPA-rGO was
determined to be 0.541 + 0.035 pg of DOX per ug of DOPA-rGO, cor-
responding to a 91.2 % encapsulation efficiency. This ultra-high and
ultra-efficient encapsulation can be attributed to the large surface area
of HA-DOPA-rGO as well as to its aromatic lattice.

Finally, the stability of HA-DOPA-rGO and DOX/HA-DOPA-rGO in
biologically mimicking medium (DMEM-F12 supplemented with 10 %
(v/v) of FBS) was evaluated (Fig. S5A). Even after 24 h of incubation in
the biologically mimicking medium, the HA-DOPA-rGO and DOX/HA-
DOPA-rGO did not suffer any meaningful increase in their dimensions
(size variation < 5 %), thus highlighting their excellent colloidal
stability.

3.2. Evaluation of the nanomaterials’ photothermal capacity and NIR
light-enhanced drug release

After corroborating the good physicochemical and optical properties
of HA-DOPA-rGO and DOX/HA-DOPA-rGO as well as their excellent
colloidal stability, the ability of these nanostructures to interact with
NIR light was investigated. In this regard, the HA-DOPA-rGO and DOX/
HA-DOPA-rGO displayed a high NIR absorption, being similar to that of
DOPA-rGO (Fig. 1C). These findings confirm that the HA-coating and
subsequent DOX-loading were not detrimental to the NIR-absorption
capacity of this nanomaterial. Subsequently, the heat produced by HA-
DOPA-rGO and DOX/HA-DOPA-rGO in response to NIR light (808 nm,
1.7 W/cmz, 5 min) was assessed (Fig. 2). In this regard, both nano-
materials generated a concentration- and time-dependent temperature
increase (AT) upon NIR laser irradiation (Fig. 2). At the highest con-
centration tested (75 pg/mL of [DOPA-rGO]), both HA-DOPA-rGO and
DOX/HA-DOPA-rGO generated a photoinduced heat (AT) of ~ 35 °C
(Fig. 2A and 2B). Such photothermal effect has the potential to cause
significant harm to cancer cells (e.g protein denaturation, cell mem-
brane collapse), ultimately leading to their death by necrosis (Chu and
Dupuy, 2014). Furthermore, the temperature increase of water (control)
exposed to NIR light was insignificant (AT < 4 °C). Such is in agreement
with the minimal off-target interaction of NIR light with biological
components (Alves et al., 2022b; Lima-Sousa et al., 2021).

For example, Wang and co-workers prepared carboxymethyl
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cellulose/chitosan nanoparticles that incorporated polypyrrole nano-
structures (photothermal agent) and 5-fluorouracil (chemotherapeutic
agent) (Wang et al., 2022). When irradiated with NIR light (808 nm, 1.5
W/cm?, 5 min), these nanohybrid at the concentration of 4000 pg/mL
generated a photoinduced heat (AT) of 19.8 °C. Lim et al. produced CuS
nanoparticles containing a mesoporous silica shell that were loaded with
DOX and coated with HA (Lim et al., 2020). These nanocomposites at a
dose of 250 ug/mL produced a temperature increase of about 15.8 °C in
response to NIR light irradiation (808 nm, 2.0 W/cm?, 5 min). In this
work, the HA-DOPA-rGO and DOX/HA-DOPA-rGO at just 75 pg/mL (of
[DOPA-rGO]) produced a greater photoinduced heat (AT) of ~ 35 °C
(808 nm, 1.7 W/cm?, 5 min), hence confirming its good photothermal
capacity.

Then, the photostability of HA-DOPA-rGO and DOX/HA-DOPA-rGO
was assessed by subjecting these nanomaterials to five consecutive NIR
laser irradiation cycles (each cycle: 808 nm, 1.7 W/cm?, 5 min). After
five cycles of NIR laser irradiation, these nanomaterials could still
generate a photoinduced heat (AT) of ~ 35 °C (Fig. S5B). In this way, the
HA-DOPA-rGO and DOX/HA-DOPA-rGO revealed a photostable
behavior, being able to elicit an equal temperature variation after one or
five consecutive NIR laser exposures (Fig. S5B). The photostability of
HA-DOPA-rGO and DOX/HA-DOPA-rGO is likely related to the ability of
these nanomaterials to retain their optical absorption after consecutive
NIR laser irradiations (Fig. S5C and S5D). The size distribution of HA-
DOPA-rGO and DOX/HA-DOPA-rGO only suffered minimal changes
after the consecutive NIR laser irradiations (Fig. SSE and S5F). Never-
theless, the nanomaterials still retained their nanometric size distribu-
tion (Fig. S5E and S5F). Altogether, this data suggests that HA-DOPA-
rGO and DOX/HA-DOPA-rGO can be potentially applied in therapeu-
tic regimens involving multiple photothermal effects. These results are
also in agreement with the excellent photostability of other graphene-
based nanomaterials (Guo et al., 2019; Zhang et al., 2018b).

Finally, the influence of NIR light in the release of DOX from DOX/
HA-DOPA-rGO was investigated (Figure S6). In the absence of NIR
light, the DOX/HA-DOPA-rGO was able to sustain the release of DOX in
a controlled fashion. For instance, only 13, 19, 28 and 38 % of DOX were
released from DOX/HA-DOPA-rGO after 3, 6, 24 and 48 h, respectively.
Such sustained release is of utmost importance since most nano-
medicines display a burst-release of the encapsulated cargoes, which
may lead to premature drug leakage during their blood circulation
(Maliyakkal et al., 2021; Rodrigues de Azevedo et al., 2017). At the 4 h
time mark, the DOX/HA-DOPA-rGO was also irradiated with NIR light
(808 nm, 1.7 W/cmz, 5 min), leading to an improve in the DOX release
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Fig. 2. Temperature variation curves of (A) HA-DOPA-rGO and (B) DOX/HA-DOPA-rGO at different concentrations (of [DOPA-rGO]) throughout 5 min of NIR light

irradiation (808 nm, 1.7 W/cem?).
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from 18 to 28 % (Figure S6). In this way, the NIR-light irradiation could
enhance the DOX release by up to 1.6-times. After the NIR laser irradi-
ation, the DOX released at 24 and 48 h also rose to 34 and then to 48 %,
respectively, further confirming the NIR-responsiveness of DOX/HA-
DOPA-rGO.

3.3. Evaluation of the cytocompatibility of HA-DOPA-rGO

Prior to assessing the phototherapeutic capacity of the produced
nanomaterials, the cytocompatibility of the HA-DOPA-rGO per se (i.e.,
without its combination with NIR light and DOX) was assessed towards
breast cancer (MCF-7) and healthy human (NHDF) cells (Fig. 3).

Both cell lines incubated with the HA-DOPA-rGO nanomaterials, at a
wide range of concentrations, did not present any meaningful variations
on their viability (Fig. 3). For instance, even at a high dose of 100 pg/mL
(of [DOPA-rGO]), and after 24 and 48 h of incubation, the viability of
MCF-7 cells was found to be 83 % and 97 %, respectively (Fig. 3A). In
turn, NHDF incubated with this same dose of HA-DOPA-rGO for 24 and
48 h displayed a viability of 97 and 80 %, respectively (Fig. 3B). These
results are in line with cytocompatible profile of DOPA-rGO nano-
materials and HA-functionalized nanoparticles (Alves et al., 2019; Costa
et al., 2023; Lima-Sousa et al., 2021; Vahedi et al., 2022; Xu et al.,
2023b).

3.4. Evaluation of HA-DOPA-rGO cellular uptake

Before evaluating the uptake of HA-DOPA-rGO by cells with CD44-
receptor overexpression (MCF-7 cells) and without receptor over-
expression (NHDF), this nanomaterial was first labelled with RB in order
to be analyzed by fluorescence-based techniques (Fig. 4A). The correct
labelling was confirmed by assessing the fluorescence emitted by RB/
HA-DOPA-rGO (derived from the RB dye). In fact, the RB/HA-DOPA-
rGO could emit fluorescence when excited at 514 nm (to be used in
CLSM studies; Figure S7B) as well as when excited at 550 nm (to be used
in fluorescence spectroscopy assays; Figure S7C). As importantly, the
RB/HA-DOPA-rGO also maintained its nanometric size distribution
upon the RB labeling (Figure S7A) as well as its surface charge
(Figure S4), which is important considering the impact of these features
on the nanomaterials’ cellular uptake (Augustine et al., 2020).

Initially, the uptake of RB/HA-DOPA-rGO by MCF-7 cells and NHDF
was visualized by CLSM. In this regard, RB fluorescence signals were
visualized in the cytoplasm of both MCF-7 cells and NHDF after their
incubation with RB/HA-DOPA-rGO (Fig. 4C). However, the fluorescence
signals were more pronounced in the MCF-7 cells (Fig. 4C and
Figure S8). Interestingly, when the MCF-7 cells were pre-treated with
free HA prior to their incubation with RB/HA-DOPA-rGO (to saturate
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the CD44 binding sites), the fluorescence signals in their cytoplasm
appeared to decrease to the levels of the NHDF only incubated with the
nanomaterials (Fig. 4C). On the other hand, the fluorescence levels on
NHDF pre-treated with free HA and incubated with RB/HA-DOPA-rGO
were close to those obtained on NHDF only incubated with RB/HA-
DOPA-rGO. Taken together, this data advocates for an improved up-
take of RB/HA-DOPA-rGO by the CD44-overexpressing MCF-7 cells.

To confirm this hypothesis, the NHDF and MCF-7 cells were also
incubated with the RB/HA-DOPA-rGO and, subsequently, were lysed in
order to recover the internalized nanomaterials. Then, the RB signals in
the cell lysate (corresponding to the internalized RB/HA-DOPA-rGO
nanomaterials) were quantified by fluorescence spectroscopy
(Fig. 4B). In this regard, the NHDF incubated with RB/HA-DOPA-rGO
had a RB fluorescence intensity of 3404 a.u.. In stark contrast, the
MCF-7 cells incubated with RB/HA-DOPA-rGO presented a much
greater RB fluorescence intensity of 4693 a.u.. In this way, the MCF-7
cells presented 1.4-times higher RB fluorescence signals than NHDF,
corroborating an improved uptake of the HA-DOPA-rGO by these breast
cancer cells (Fig. 4B). In agreement with CLSM data, the MCF-7 cells pre-
treated with free HA and incubated with RB/HA-DOPA-rGO showed a
stark decrease in their RB fluorescence signals, being these values (3631
a.u.) very close to those attained on NHDF only exposed to RB/HA-
DOPA-rGO (3404 a.u.). As expected, the NHDF pre-treaded with free
HA and incubated with RB/HA-DOPA-rGO had an RB fluorescence in-
tensity (3134 a.u.) in line with that of NHDF only incubated with RB/
HA-DOPA-rGO (3404 a.u.). These results suggest that the interaction
of HA-DOPA-rGO (via its HA-based surface) with the CD44 receptors has
a pivotal role in driving the uptake of these nanomaterials by the MCF-7
cells. In fact, other researchers also verified that the functionalization of
nanomaterials with HA can also improve their uptake by CD44-
overexpressing cells (Gote et al., 2021; Mansoori et al., 2020; Rodri-
gues et al., 2021). Taken together, this data highlights the ability of HA-
DOPA-rGO to be preferentially internalized by the MCF-7 breast cancer
cells.

3.5. Evaluation of the photothermal therapy mediated by HA-DOPA-rGO
and chemo-photothermal therapy mediated by DOX/HA-DOPA-rGO

After confirming the preferential uptake of HA-DOPA-rGO by the
CD44-overexpresisng MCF-7 cells, its phototherapeutic capacity was
investigated. For such, this cell line was incubated with HA-DOPA-rGO
or DOX/HA-DOPA-rGO, followed by irradiation with NIR light for 5 min
(808 nm, 1.7 w/cm?) (Fig. 5A).

As anticipated, MCF-7 cells incubated with only HA-DOPA-rGO
remained highly viable (>96 %), being in agreement with the data re-
ported in the cytocompatibility assays (Fig. 5B and 3A). Moreover, the
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Fig. 3. Cytocompatibility of HA-DOPA-rGO at different concentrations (of [DOPA-rGO]) and incubation times (24 and 48 h) towards (A) MCF-7 cells and (B) NHDF.
K and K* are the negative and positive controls, respectively. Each bar represents the mean + SD (n = 5).
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Fig. 4. (A) Schematic illustration of the labelling process of HA-DOPA-rGO with the RB fluorescent dye for investigating its uptake by MCF-7 cells and NHDF. (B)
Fluorescent signals of RB/HA-DOPA-rGO (75 pug/mL of [DOPA-rGO]) after 4 h of incubation with MCF-7 cells and NHDF without or with pre-treatment with free HA
(HA + ). Data represents the mean + SD (n = 5), **p < 0.01, ****p < 0.0001. (C) Representative CLSM images of the uptake of RB/HA-DOPA-rGO (75 pg/mL of
[DOPA-rGO]) by MCF-7 cells and NHDF without or with free HA pre-treatment (HA + ). Blue channel: Hoechst 33342® stained nucleus. Pink channel: RB. Scale bars
correspond to 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

NIR light per se did not affect the MCF-7 cells (viability ~ 99 %; Fig. 5B).
This behavior is in-line with the negligible heating induced by the NIR
light per se (Fig. 2) and with its minimal interactions with biological
components (Alves et al., 2022b; Chen et al., 2020; Melo et al., 2021).

On the other hand, the combination of HA-DOPA-rGO (at 75 pg/mL
of [DOPA-rGO]) and NIR light was able to reduce the breast cancer cells’
viability to about 38 % (nanomaterials’ mediated photothermal ther-
apy). In turn, DOX/HA-DOPA-rGO (at 40.5/75 ug/mL of [DOX]/[DOPA-
rGO]) was not impactful on breast cancer cells (viability of ~ 82 %;
Fig. 5B). This behavior of the nanomaterials’ mediated chemotherapy
contrasts with that of the classic chemotherapy (free DOX administra-
tion), which decreased the cancer cells viability to about 62 %
(Figure S9). In stark contrast, the combination of DOX/HA-DOPA-rGO
(at 40.5/75 pg/mL of [DOX]/[DOPA-rGO]) and NIR light was able to
diminish the breast cancer cells’ viability to just ~ 23 %. These results
were further validated by acquiring CLSM images of the cells stained
with calcein-AM (labels live cells) and PI (labels dead cells) exposed to
the different treatments (Fig. 6). The enhanced outcome derived from
the nanomaterials’ mediated chemo-photothermal therapy can be

attributed to its multimodal character as well as to the ability of the
photoinduced heat to boost the DOX release.

In a work performed by Sun and colleagues, polypyrrole-based
nanoparticles (photothermal nanoagent) were coated with a HA-
camptothecin conjugate (chemotherapeutic drug), and their combina-
tion with NIR light (808 nm, 1.5 W/crnz, 5 min) could reduce breast
cancer cells’ viability to about 29 % at the concentration of 500 pg/mL
(Sun et al., 2019). In another example, HA-coated nanotube shaped
metal-organic frameworks containing DOX and Indocyanine green
(photothermal agent), at a dose of 200 pug/mL, could reduce the viability
of MDA-MB-231 cells to 31 % upon NIR laser exposure (808 nm, 2.0 W/
crnz, 8 min) (Long et al., 2022). Herein, the combined effect of NIR light
(808 nm, 1.7 w/cmz, 5 min) and DOX/HA-DOPA-rGO reduced the breast
cancer cells’ viability to just 23 % at a dose of only 40.5/75 ng/mL of
[DOX]/[DOPA-rGO].

4. Conclusion

In this work, DOX/HA-DOPA-rGO was prepared as a novel
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Fig. 5. (A) Schematic representation of the photothermal therapy mediated by HA-DOPA-rGO, and chemo-photothermal therapy mediated by DOX/HA-DOPA-rGO
towards MCF-7 cells. (B) Effect of HA-DOPA-rGO (at 50 and 75 pg/mL of [DOPA-rGO]) and DOX/HA-DOPA-rGO (at 27/50 and 40.5/75 pg/mL of [DOX]/[DOPA-
rGO]) towards MCF-7 cells without NIR (W/O NIR) and with NIR (W/ NIR) laser irradiation (808 nm, 1.7 W/cmz, 5 min). K~ W/O NIR represents the negative
control and K~ W/ NIR represents cells solely exposed to NIR light. Data represents mean + SD, n = 5 (*p < 0.05; ****p < 0.0001), n.s. = non-significant.
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Fig. 6. CLSM images of MCF-7 cells stained with calcein-AM/PI after incubation with HA-DOPA-rGO (at 75 pg/mL of [DOPA-rGO]) or DOX/HA-DOPA-rGO (at 40.5/
75 pg/mL of [DOX]/[DOPA-rGO]) W/O NIR or W/ NIR laser irradiation (808 nm, 1.7 W/cmz, 5 min). Medium W/O NIR and Medium W/ NIR represent the control
for live cells and cells only exposed to NIR light, respectively. Green channel: Calcein-AM; red channel: PI. Scale bars correspond to 50 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

covalently functionalized targeted NIR-absorbing nanomaterial for charge as well as appropriate colloidal stability and cytocompatibility.
cancer chemo-photothermal therapy. The obtained results revealed that Moreover, the HA-DOPA-rGO presented an ultra-high and ultra-efficient
the HA-DOPA-rGO displays a suitable size distribution and surface DOX encapsulation capacity. After irradiation with NIR light, HA-DOPA-
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rGO and DOX/HA-DOPA-rGO could produce a temperature increase of
about 35 °C. The produced nanomaterials also retained their photo-
thermal capacity after multiple irradiations, displaying an excellent
photostability. The findings from the in vitro studies showed that the
nanomaterials exhibited an enhanced internalization by the CD44-
overexpressing MCF-7 cells. In the phototherapeutic studies, the DOX/
HA-DOPA-rGO in combination with NIR light decreased the viability
of breast cancer cells to just 23 %. Overall, the DOX/HA-DOPA-rGO is a
promising nanomaterial for the chemo-photothermal therapy of breast
cancer cells. In the future, in vivo assays will give an important insight
about the safety, tumor-targeting capacity and therapeutic efficacy of
this novel multifunctional nanomaterial.
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