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b Departamento de Química, Universidade da Beira Interior, 6201-001 Covilhã, Portugal 
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A B S T R A C T   

The high near infrared (NIR) absorption displayed by reduced graphene oxide (rGO) nanostructures renders them 
a great potential for application in cancer photothermal therapy. However, the production of this material often 
relies on the use of hydrazine as a reductant, leading to poor biocompatibility and environmental-related issues. 
In addition, to improve rGO colloidal stability, this material has been functionalized with poly(ethylene glycol). 
However, recent studies have reported the immunogenicity of poly(ethylene glycol)-based coatings. In this work, 
the production of rGO, by using dopamine as the reducing agent, was optimized considering the size distribution 
and NIR absorption of the attained materials. The obtained results unveiled that the rGO produced by using a 1:5 
graphene oxide:dopamine weight ratio and a reaction time of 4 h (termed as DOPA-rGO) displayed the highest 
NIR absorption while retaining its nanometric size distribution. Subsequently, the DOPA-rGO was functionalized 
with thiol-terminated poly(2-ethyl-2-oxazoline) (P-DOPA-rGO), revealing suitable physicochemical features, 
colloidal stability and cytocompatibility. When irradiated with NIR light, the P-DOPA-rGO could produce a 
temperature increase (ΔT) of 36 ◦C (75 μg/mL; 808 nm, 1.7 W/cm2, 5 min). The photothermal therapy mediated 
by P-DOPA-rGO was capable of ablating breast cancer cells monolayers (viability < 3%) and could reduce 
heterotypic breast cancer spheroids' viability to just 30%. Overall, P-DOPA-rGO holds a great potential for 
application in breast cancer photothermal therapy.   

1. Introduction 

Nanomaterials with near infrared (NIR; 750–1000 nm) light ab
sorption capacity have been the target of different studies for developing 
new anticancer photo-therapeutic approaches [1,2]. Due to their unique 
set of physicochemical properties, these nanomaterials can become 
accumulated at the tumor site by extravasating through the leaky tumor 
vasculature or through the dynamic vents occurring at the tumor site 
[3–5]. Then, the tumor zone is exposed to NIR light and the tumor- 

homed nanomaterials absorb its energy, releasing it as heat (photo
thermal therapy (PTT)) [6]. This photoinduced hyperthermia can induce 
damage to cancer cells, ultimately leading to their death by necrosis 
(generally attained when the local temperature surpasses 50 ◦C) [7]. 

Over the years, several NIR-responsive nanomaterials have been 
developed for application in cancer PTT, namely gold nanostructures 
[8–10], graphene derivatives [11,12], nanostructures encapsulating 
NIR-absorbing small molecules [13,14], among others. Particularly, the 
high NIR absorption of reduced graphene oxide (rGO) nanomaterials 
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renders them a great potential for application in cancer PTT [6,15]. The 
chemical reduction of graphene oxide (a process that removes the 
oxygen-containing groups at its surface) is the most commonly applied 
route to obtain rGO [16]. For this purpose, hydrazine hydrate has been 
widely used as the reducing agent. However, the rGO attained using 
hydrazine hydrate lacks biocompatibility due to the toxicity of this 
reductant [17–19]. Recently, some studies have highlighted the poten
tial of using dopamine as the reducing agent in the production of rGO 
[19–24]. During this process, dopamine also self-polymerizes, yielding 
rGO with a lattice covered by polydopamine [25]. Importantly, poly
dopamine is also a NIR absorber, and therefore the rGO attained by 
using dopamine can display a greatly improved photothermal capacity 
[25]. However, the experimental conditions to produce rGO by using 
dopamine have not yet been optimized considering the NIR absorption 
and the nanometric size distribution of the obtained materials. 

Another concern related to the use of graphene-based nanomaterials 
in cancer PTT is associated to the weak water solubility and poor 
colloidal stability of these nanostructures [26,27]. These drawbacks 
have been surpassed by functionalizing the rGO surface with poly 
(ethylene glycol) (PEG) [26,28,29]. Unfortunately, it was unveiled that 
anti-PEG antibodies are created when PEGylated rGO is intravenously 
administered [30]. These anti-PEG antibodies mediate the rapid clear
ance of this nanomaterial in subsequent administrations (known as the 
accelerated blood clearance phenomenon) [31,32]. This immunogenic 
behavior has also been reported for other types of PEGylated nano
medicines, such as liposomes, polymeric nanoparticles, and even for 
FDA/EMA approved nanomedicines (e.g., Doxil) [33–35]. Therefore, it 
is fundamental to investigate novel coatings to functionalize rGO 
nanomaterials. 

In this work, and for the first time, the production of rGO by using 
dopamine as the reduction agent was optimized in order to obtain 
nanomaterials with a size distribution and NIR absorption suitable for 
application in cancer PTT. Additionally, the catechol-based surface of 
this rGO derivative was functionalized, for the first time, with thiol- 
terminated poly(2-ethyl-2-oxazoline) (PEtOx-SH) through a Michael 
addition reaction [36,37]. The selection of PEtOx was related to the 
growing use of this hydrophilic, biocompatible, and hemocompatible 
polymer as a PEG alternative [38,39]. Recently, our group also disclosed 
the potential of PEtOx-brushes for improving the colloidal stability of 
graphene-based nanostructures [11]. Furthermore, PEtOx-coated 
nanomaterials can exhibit a long blood circulation time due to their 
capacity to resist protein adsorption and uptake by macrophages, which 
is fundamental for their accumulation in the tumor zone [40–42]. 

The obtained data unveiled that the NIR absorption and size distri
bution of the rGO are affected by the dopamine content and the reaction 
time. In this regard, the rGO produced by using a 1:5 graphene oxide: 
dopamine weight ratio and a reaction time of 4 h (termed as DOPA-rGO) 
presented the highest NIR absorption while retaining its nanometric size 
distribution. Subsequently, the DOPA-rGO was functionalized with 
PEtOx-SH (P-DOPA-rGO), revealing suitable physicochemical proper
ties, proper colloidal stability, and good cytocompatibility. When irra
diated with NIR light for 5 min, the P-DOPA-rGO at 75 μg/mL (of DOPA- 
rGO equivalents) induced a temperature increase of 36 ◦C. The PTT 
mediated by P-DOPA-rGO was capable of ablating breast cancer cells 
monolayers (viability < 3%) and could reduce heterotypic breast cancer 
spheroids' viability to just 30%. 

2. Materials and methods 

2.1. Materials 

Graphene oxide nanocolloids, PEtOx α-benzyl ω-thiol terminated 
(PEtOx-SH; average MW 10 000 Da), Dulbecco's modified Eagle's me
dium F-12 (DMEM-F12), penicillin/streptomycin, trypsin, rhodamine B 
(RB), paraformaldehyde and resazurin were bought from Sigma Aldrich 
(Sintra, Portugal). Dopamine hydrochloride was purchased from Acros 

Organics (New Jersey, USA). Sodium hydroxide was acquired from 
Labchem (Pennsylvania, USA). Tris-HCl was bought from Fisher Scien
tific (Oeiras, Portugal). Fetal bovine serum (FBS) was obtained from 
Biochrom AG (Berlin, Germany). Hoechst 33342® was bought from 
Invitrogen (Massachusetts, USA). Michigan Cancer Foundation-7 (MCF- 
7) cell line was acquired from ATCC (Middlesex, UK). Normal human 
dermal fibroblasts (NHDF) were obtained from Promo-Cell (Heidelberg, 
Germany). Calcein-AM was bought from Merck Milipore (Algés, 
Portugal) and propidium iodide (PI) from Alfa Aesar (Lancashire, UK). 
Cell culture plates and T-flasks were purchased from Thermo Fisher 
Scientific (Porto, Portugal). Agarose was acquired from GRiSP (Porto, 
Portugal). Cell imaging plates were acquired from Ibidi GmbH (Munich, 
Germany). Graphene oxide was firstly sonicated for 6 h before its use. 
Water used in all experiments was double deionized (0.22 μm filtered, 
18.2 MΩ cm). 

2.2. Methods 

2.2.1. Optimization of the production of rGO by using dopamine 
Firstly, the rGO production was optimized by using dopamine as the 

reducing agent and by adapting a protocol previously described else
where [23]. In brief, a solution of graphene oxide (500 μg/mL; 750 μL) 
was added to a round bottom flask. Subsequently, a dopamine solution 
(in order to obtain different graphene oxide:dopamine weight ratios 
(5:1, 1:1, 1:5 and 1:10)) and NaOH 10 mM were added. The solutions' 
final pH and volume were 8.5 and 1 mL, respectively. Then, the mixtures 
were left to react under stirring at 60 ◦C for 1, 2, 3, 4 or 5 h. Afterward, 
the samples were transferred to an ice-water bath in order to stop the 
reduction process. The size distribution of the obtained rGO nano
materials was then characterized by dynamic light scattering (DLS) in a 
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at a 
scattering angle of 173◦. In turn, the materials' NIR absorption was 
evaluated by using an Evolution 201 spectrophotometer (Thermo Sci
entific Inc., Massachusetts, USA). 

2.2.2. Production and characterization of PEtOx functionalized DOPA-rGO 
The functionalization of DOPA-rGO with PEtOx-SH was performed 

by a Michael addition reaction [24,25]. Initially, the optimized rGO 
candidate was produced as described in Section 2.2.1 (by using a 1:5 
graphene oxide:dopamine weight ratio and a reduction time of 4 h). 
Then, the obtained DOPA-rGO (200 μg/mL; 750 μL) was mixed with 
Tris-HCl (40 mM, 250 μL) and PEtOx-SH (1000 μg). This mixture was 
then sonicated for 2 h (Branson 5800, Branson Ultrasonics, CT, USA). 
Subsequently, the sample was dialyzed against water for 2 h (14 kDa 
molecular weight cut-off membrane) to remove NaOH, Tris-HCl and 
non-conjugated PEtOx-SH, yielding PEtOx-SH functionalized DOPA-rGO 
(P-DOPA-rGO). The DOPA-rGO used as control in all the subsequent 
experiments was also dialyzed. 

The successful functionalization was confirmed by Fourier-transform 
infrared (FTIR) spectroscopy by using a Nicolet iS10 spectrometer 
(Thermo Scientific Inc., Massachusetts, USA). The size distribution of P- 
DOPA-rGO was analyzed by DLS and its ability to interact with NIR light 
was assessed by Visible-NIR absorption spectroscopy. The concentration 
of P-DOPA-rGO was determined using a standard curve of DOPA-rGO in 
water at 808 nm (PEtOx-SH does not display absorption at this wave
length). The zeta potential of P-DOPA-rGO and DOPA-rGO were also 
determined (Zetasizer Nano ZS). The size variation of P-DOPA-rGO 
during 48 h, when dispersed in cell culture medium (DMEM-F12 sup
plemented with 10% (v/v) of FBS), was also assessed. 

The photothermal capacity of P-DOPA-rGO was investigated by 
following a protocol previously described by our group [43]. Concisely, 
P-DOPA-rGO at various concentrations was exposed to NIR light (808 
nm, 1.7 W/cm2) for a period of 5 min (n = 3). The temperature changes 
were recorded using a thermocouple thermometer. Water irradiated 
with NIR light was used as control. 

R. Lima-Sousa et al.                                                                                                                                                                                                                            



Materials Science & Engineering C 130 (2021) 112468

3

2.2.3. Evaluation of the cytocompatibility of DOPA-rGO and P-DOPA-rGO 
The cytocompatibility profile of the obtained nanomaterials was 

evaluated against breast cancer cells (MCF-7) and normal cells (NHDF), 
as previously described [12]. The cell lines were cultured in DMEM-F12 
medium supplemented with 10% (v/v) FBS and 1% (v/v) of penicillin/ 
streptomycin in a humified incubator at 37 ◦C, 5% CO2. Then, the cells 
were harvested and seeded in 96-well plates at a density of 1 × 104 cells/ 
well for 24 h. Subsequently, the cells were incubated with fresh medium 
containing DOPA-rGO or P-DOPA-rGO at different concentrations (of 
DOPA-rGO equivalents) for 24 or 48 h. Afterward, the medium was 
replaced by fresh medium containing resazurin (10% (v/v)) and 
following 4 h of incubation in the dark (37 ◦C, 5% CO2), the cells' 
viability was assessed by analyzing the fluorescence of resorufin (λex =

560 nm; λem = 590 nm) in a Spectramax Gemini EM spectrofluorometer 
(Molecular Devices LLC, California, USA) [44]. Cells only incubated 
with culture medium (without nanomaterials) were used as negative 
(K− ) control, whereas those treated with ethanol (70% (v/v)) represent 
the positive (K+) control. 

2.2.4. Evaluation of the cellular uptake of P-DOPA-rGO 
Prior to the cellular uptake studies, P-DOPA-rGO (200 μg/mL, 1 mL) 

was fluorescently labelled with RB through a simple sonication process 
(30 min) [12]. Subsequently, the RB labelled P-DOPA-rGO was dialyzed 
against water for 90 min (1 kDa cut-off dialysis membrane) in order to 
remove the non-loaded RB. 

The uptake of RB labelled P-DOPA-rGO by breast cancer cells was 

confirmed by confocal laser scanning microscopy (CLSM). In brief, MCF- 
7 cells were seeded in μ-slide 8-well imaging plates (Ibidi GmbH, 
Munich, Germany) at a density 1.5 × 104 cells/well, being allowed to 
grow for 48 h. Afterward, the cell culture medium was replaced by fresh 
culture medium containing RB labelled P-DOPA-rGO (50 μg/mL of 
DOPA-rGO equivalents). After 4 h, the medium was removed, and the 
cells were rinsed with a phosphate buffered saline solution and fixed 
with paraformaldehyde 4% (w/v) for 15 min (at room temperature). The 
cells' nucleus was labelled with Hoechst 33342® for 30 min (at room 
temperature) [45]. The fluorescence images were acquired (λex/λem =

405/410–499 nm (Hoechst 33342®) and λex/λem = 514/513–703 nm 
(RB)) in a Zeiss LSM 710 Confocal Microscope (Oberkochen, Germany). 
Non-treated cells were used as control. 

2.2.5. Evaluation of the phototherapeutic effect of P-DOPA-rGO in 2D in 
vitro cancer models (monolayers of cancer cells) 

The phototherapeutic effect mediated by P-DOPA-rGO against 
monolayers of breast cancer cells was evaluated by the resazurin method 
[46]. Briefly, MCF-7 cells were seeded in 96-well plates as described in 
Section 2.2.3. After 24 h of cells' seeding, the culture medium was 
replaced with fresh medium containing P-DOPA-rGO at different con
centrations (50 and 75 μg/mL of DOPA-rGO equivalents). Four hours 
later, the cells were irradiated with NIR light (808 nm, 1.7 W/cm2, 5 
min). After 24 h of incubation with the nanomaterials, the cells' viability 
was determined through the resazurin assay as described in Section 
2.2.3. 

Fig. 1. Optimization of the protocol to produce rGO by using dopamine. Schematic representation of the protocol (A). Heat map graph of the materials' absorption at 
808 nm normalized to the absorption of graphene oxide at this same wavelength (B). Heat map graph of the materials' size (z-average, in nm) (C). (*) denotes 
materials with aggregates. 
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In order to visualize the phototherapeutic effect of P-DOPA-rGO, 
MCF-7 cells were seeded in μ-slide 8-well imaging plates as described in 
Section 2.2.4 and, 48 h later, the cells were incubated with fresh medium 
containing P-DOPA-rGO (at 50 and 75 μg/mL of DOPA-rGO equivalents) 
[43]. After 4 h of incubation, the cells were irradiated with NIR light 
(808 nm, 1.7 W/cm2, 5 min). Subsequently, the cells were stained with 
Calcein-AM and PI (enables the visualization of live and dead cells, 
respectively) according to the manufacturer's protocol. The fluorescence 
images were acquired by CLSM, using a λex/λem of 488/493–556 (Cal
cein-AM) and 561/566–719 nm (PI) [43]. Cells solely incubated with 
culture medium were used as control for live cells. 

2.2.6. Evaluation of the phototherapeutic effect of P-DOPA-rGO in 3D in 
vitro cancer models (spheroids) 

The 3D heterotypic spheroids were produced as previously described 
by our group [47]. In brief, agarose (2% (w/v)) poured into a micromold 
(3D Petri Dish®, Microtissues Inc., Rhode Island, USA) was used to cast a 
hydrogel structure with spherical microwells. Then, MCF-7 cells and 
NHDF (1:1 cell ratio) were seeded into these structures at a density of 1 
× 106 cells/structure. The spheroids were left to grow for 10 days in 
DMEM-F12 medium supplemented with 10% (v/v) FBS and 1% (v/v) of 
penicillin/streptomycin in a humified incubator at 37 ◦C, 5% CO2. The 
culture medium was replaced every 2 days. The phototherapeutic effect 

Fig. 2. Preparation and characterization of P-DOPA-rGO. Schematic representation of the functionalization of DOPA-rGO with PEtOx and its application in cancer 
PTT (A). FTIR spectra of PEtOx-SH, DOPA-rGO and P-DOPA-rGO (B). DLS size distribution of DOPA-rGO and P-DOPA-rGO (at 25 μg/mL of DOPA-rGO equivalents) 
(C). Visible-NIR absorption spectra of DOPA-rGO and P-DOPA-rGO (at 25 μg/mL of DOPA-rGO equivalents) (D). Temperature variation curves of P-DOPA-rGO at 
different concentrations (of DOPA-rGO equivalents) throughout 5 min of NIR light irradiation (1.7 W/cm2, 808 nm) (n = 3) (E). 
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of P-DOPA-rGO was then determined using the resazurin method as 
previously described. Briefly, the spheroids were incubated with culture 
medium containing P-DOPA-rGO (at 50 and 75 μg/mL of DOPA-rGO 
equivalents) for 24 h. Then, the spheroids were irradiated with NIR 
light for 5 min (808 nm, 1.7 W/cm2) and were further incubated for 48 
h. After this period, the culture medium was replaced with fresh one 
containing resazurin (10% (v/v)). The cell viability was then determined 
as described in Section 2.2.3. Non-treated spheroids were used as 
negative control (K− ). Each experimental condition was tested in 30 
spheroids. 

In order to visualize the phototherapeutic effect of P-DOPA-rGO in 
spheroids, these were incubated with P-DOPA-rGO (at 75 μg/mL of 
DOPA-rGO equivalents). After 24 h, the spheroids were irradiated with 
NIR light (808 nm, 1.7 W/cm2, 5 min). Lastly, the spheroids were 
stained with Calcein-AM/PI and the fluorescence images were acquired 
as described in Section 2.2.5. 

2.2.7. Statistical analysis 
For multiple groups comparison, the One-way analysis of variance 

(ANOVA) with the Student–Newman–Keuls test was utilized, and a p- 
value lower than 0.05 (p < 0.05) was considered statistically significant. 
The GraphPad Prism v6.0 (Trial version, GraphPad Software, CA, USA) 
was used for data analysis. 

3. Results and discussion 

3.1. Optimization of the production of rGO by using dopamine 

Despite having a high photothermal capacity, the rGO produced by 
using hydrazine hydrate has a poor biocompatibility, which hinders its 
translation to the clinic [18,48]. To overcome this limitation, we opti
mized the production of rGO by using dopamine. In fact, dopamine has 
been previously proposed as an environmentally friendly reductant in 
the production of rGO [25,49]. During the reduction process, dopamine 
reduces the graphene oxide and self-polymerizes, yielding 
polydopamine-rGO hybrids. However, the experimental protocol for 
producing rGO by using dopamine has not yet been optimized consid
ering the size distribution and NIR absorption of the attained materials. 
Therefore, we optimized the production of rGO by using dopamine by 
investigating the role of the i) graphene oxide:dopamine weight ratio, 
and ii) reduction time. For such, the content of graphene oxide was kept 
constant, and dopamine was added at the amounts required to achieve 
the graphene oxide:dopamine weight ratios of 5:1, 1:1, 1:5 and 1:10. 
Then, the reduction process was carried out at 60 ◦C for 1, 2, 3, 4 or 5 h 
(Fig. 1A). 

In general, with the increase in the reaction's time and dopamine 
content fed, there was an increment on the NIR absorption of the 
attained materials (Figs. 1B and S1). In this regard, the highest NIR 
absorption was obtained for the rGO produced by using a 1:10 graphene 
oxide:dopamine weight ratio during 4 or 5 h of reaction, which dis
played a 25.0–25.9-fold higher absorption at 808 nm than graphene 
oxide (Fig. 1B). Considering that 808 nm laser light will be used in the 
photothermal experiments, these candidates could potentially generate 
the highest photoinduced heat. However, all the rGO derivatives pro
duced by using the 1:10 graphene oxide:dopamine weight ratio pre
sented a size distribution in the micrometer range, hindering their 
application in cancer PTT (Figs. 1C and S2). The micrometer size dis
tribution of these derivatives may be related to the aggregation of the 
materials during the reduction process. 

Among the materials that retained their nanometric size distribution, 
the rGO obtained by using the 1:5 graphene oxide:dopamine weight 
ratio and 4 h of reaction displayed the greatest NIR absorption (16.9-fold 
higher absorption at 808 nm than graphene oxide). Therefore, the rGO 
produced using these parameters (DOPA-rGO) was selected for the 
subsequent assays. 

For instance, Zhang et al. produced rGO by using a graphene oxide: 

dopamine weight ratio of 1:1, a temperature of 50 ◦C, and a reaction 
time of 24 h, that displayed approximately 12-fold higher absorption at 
808 nm than graphene oxide [23]. Herein, the DOPA-rGO presented a 
16.9-fold higher NIR absorption (at 808 nm than Graphene Oxide) and 
required a shorter reaction time (only 4 h). Therefore, the optimized 
DOPA-rGO production method presents a higher convenience. 

3.2. Production and characterization of PEtOx functionalized DOPA-rGO 

Next, DOPA-rGO was functionalized with PEtOx. For such, PEtOx-SH 
was conjugated to the catechol-based surface of DOPA-rGO through a 
Michael addition, yielding P-DOPA-rGO (Fig. 2A). 

The successful functionalization of DOPA-rGO with PEtOx-SH was 
confirmed by FTIR (Fig. 2B). The FTIR spectrum of DOPA-rGO presented 
an intense peak at 1568 cm− 1 belonging to the C––C stretch vibrations of 
rGO and polydopamine. As importantly, the DOPA-rGO did not display 
the C––O stretch peak of carboxylic acids (at 1730 cm− 1). This C––O 
stretch peak was present on the spectrum of graphene oxide (Fig. S3). 
Therefore, its absence on the FTIR spectrum of DOPA-rGO is also 
indicative of the successful reduction [50,51]. Furthermore, the peaks at 
1373 cm− 1 (C–N stretch) and 1516 cm− 1 (N–H bend) in the DOPA-rGO 
spectrum also confirm the presence of polydopamine on this material 
[51]. On the other hand, the FTIR spectrum of PEtOx-SH presented 
peaks at 2976 cm− 1 (C–H stretch) and 1628 cm− 1 (C––O stretch from 
amides) [11,52]. Finally, the FTIR spectrum of P-DOPA-rGO presented 
the characteristic peaks of DOPA-rGO as well as those from PEtOx-SH, 
hence confirming the successful functionalization. 

Furthermore, the DLS analysis revealed that the size distribution of 
the DOPA-rGO and P-DOPA-rGO were similar (Fig. 2C). Therefore, the 
PEtOx functionalization did not compromise the nanometric size dis
tribution of P-DOPA-rGO, and thus the size of this nanomaterial is within 
the range considered as ideal for passive accumulation at the tumor site 
(100–200 nm) [53]. The zeta potential of DOPA-rGO (in water) was 
determined to be − 22.2 ± 1.7 mV, whereas the one of P-DOPA-rGO was 
− 26.5 ± 2.0 mV. These values are in line with those reported in the 
literature for rGO attained by using dopamine and for PEtOx-containing 
nanomaterials [23,54,55]. 

Additionally, the stability of P-DOPA-rGO over time in cell culture 
medium (DMEM-F12 supplemented with 10% (v/v) of FBS) was 
assessed to determine the suitability of the PEtOx functionalization. 
When dispersed in culture medium, the size of P-DOPA-rGO only 
increased by 3.1%, even after 48 h (Fig. S4), hence revealing an excel
lent colloidal stability. 

Afterward, the NIR absorbance of the P-DOPA-rGO was analyzed 
(Fig. 2D). As it can be seen, the functionalization process did not affect 
the nanomaterials' NIR absorption, further confirming the suitability of 
the PEtOx functionalization (Fig. 2D). 

Lastly, the photothermal capacity of P-DOPA-rGO was confirmed by 
irradiating this nanomaterial with NIR light for 5 min (808 nm, 1.7 W/ 
cm2) and analyzing the attained temperature variations. The P-DOPA- 
rGO generated a time- and concentration-dependent photoinduced heat 
(Fig. 2E). At the concentration of 75 μg/mL (of DOPA-rGO equivalents), 
the P-DOPA-rGO could induce a temperature increase of about 36 ◦C 
after 5 min of irradiation. Achieving this temperature increase is of 
utmost importance since it surpasses the threshold required to prompt 
the death of cancer cells by coagulative necrosis [7]. On the contrary, 
when water was irradiated with NIR radiation, it only suffered a tem
perature variation of 1.3 ◦C, which is in agreement with the low inter
action of water with 808 nm light [6,12]. Such behavior suggests that P- 
DOPA-rGO may produce an on-demand photothermal effect with min
imal off-target heating. 

Jiang et al. recently produced rGO by using dopamine whose pho
tothermal effect (at 50 μg/mL) led to a temperature increase of 23 ◦C 
(808 nm, 2 W/cm2, 5 min) [56]. In another work, Yu and co-workers 
produced rGO by using dopamine that could induce a temperature in
crease of 19 ◦C (120 μg/mL, 880 nm, 1.5 W/cm2, 5 min) [22]. Herein, 
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Fig. 3. Evaluation of the cytocompatibility profile of DOPA-rGO and P-DOPA-rGO at different concentrations. Cell viability of NHDF (A and B) and MCF-7 cells (C 
and D) exposed to DOPA-rGO and P-DOPA-rGO during 24 and 48 h of incubation. Data represents mean ± SD, n = 5. K− and K+ represent negative and positive 
controls, respectively. 

Fig. 4. Evaluation of the cellular uptake of RB labelled P-DOPA-rGO by MCF-7 cells through CLSM. Blue channel: Hoechst 33342® stained nucleus. Red channel: RB. 
Scale bars correspond to 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the P-DOPA-rGO at 50 μg/mL (of DOPA-rGO equivalents) could produce 
a photoinduced heat of 29 ◦C (808 nm, 1.7 W/cm2, 5 min). This data 
suggests that the optimized DOPA-rGO synthesis enables the production 
of rGO derivatives with an improved photothermal capacity. 

3.3. Evaluation of the cytocompatibility of DOPA-rGO and P-DOPA-rGO 

Before determining the phototherapeutic potential of P-DOPA-rGO, 
the cytocompatibility profile of the different DOPA-rGO derivatives was 
investigated on MCF-7 cells (breast cancer cells) and NHDF (healthy 
human cells) (Fig. 3). For such, initially the effect of DOPA-rGO on cells' 
viability was investigated. Both cell lines exposed to DOPA-rGO 
remained highly viable (cell viability > 75%), even when incubated 
with a high nanomaterial's dose (100 μg/mL) and for 48 h – Fig. 3A and 
C. For instance, the rGO produced by using Vitamin C as reductant, at 
the concentration of 50 μg/mL, decreased the viability of NHDF to 51% 
after 48 h of incubation [12]. In other work, only 31% of the LNCaP cells 
exposed to rGO produced by using hydrazine hydrate (100 μg/mL) were 
viable after 24 h of incubation [48]. When compared to these alternative 
methods to attain rGO, the optimized DOPA-rGO presents a greatly 
improved cytocompatibility, which is crucial for biomedical- and 

cancer-related applications. This behavior is also in line with the good 
cytocompatibility profile of rGO nanomaterials produced by using 
dopamine reported elsewhere [20,21]. 

As expected, the P-DOPA-rGO also did not induce meaningful effects 
on NHDF (>79%) nor on MCF-7 cells (>90%), despite the high con
centrations (up to 100 μg/mL of DOPA-rGO equivalents) and long in
cubation time (up to 48 h) tested (Fig. 3B and D). These results are also 
in line with the good cytocompatibility of PEtOx-based nanomaterials 
[57]. 

3.4. Evaluation of the cellular uptake of P-DOPA-rGO 

Prior to evaluating the uptake of P-DOPA-rGO by MCF-7 cells, this 
nanomaterial was fluorescently labelled with RB to allow its visualiza
tion through CLSM. The successful labelling was confirmed by absorp
tion spectroscopy (Fig. S5A), where the characteristic peak of RB can be 
visualized in the spectrum of RB labelled P-DOPA-rGO. As importantly, 
the RB labelling did not affect the size distribution of the attained 
nanomaterials (Fig. S5B). 

Then, the uptake of RB labelled P-DOPA-rGO by MCF-7 cells was 
studied by CLSM (Fig. 4). RB fluorescent signals could be observed in the 

Fig. 5. Evaluation of the phototherapeutic capacity of P-DOPA-rGO in 2D in vitro cancer models. Schematic representation of the PTT mediated by P-DOPA-rGO (A). 
Effect of P-DOPA-rGO (at 50 and 75 μg/mL of DOPA-rGO equivalents) towards MCF-7 cells without NIR (w/o NIR) and with NIR (w/ NIR) laser irradiation (808 nm, 
1.7 W/cm2, 5 min) (B). K− w/o NIR represents the negative control, whereas K− w/ NIR represents cells solely exposed to NIR light. Data represents mean ± SD, n = 5 
(****p < 0.0001), n.s. = non-significant. CLSM images of MCF-7 cells stained with Calcein-AM/PI after incubation with P-DOPA-rGO (at 50 and 75 μg/mL of DOPA- 
rGO equivalents) w/o NIR or w/ NIR laser irradiation (808 nm, 1.7 W/cm2, 5 min) (C). Medium w/o NIR represents the control for live cells and medium w/ NIR 
represents cells only exposed to NIR light. Green channel: Calcein-AM; red channel: PI. Scale bars correspond to 50 μm. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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cytoplasm of MCF-7 cells incubated with RB labelled P-DOPA-rGO, 
indicating that this nanomaterial can successfully be internalized by 
breast cancer cells (Fig. 4). This behavior is in agreement with the good 
cellular uptake displayed by PEtOx-coated nanomaterials [55,58–60]. 

3.5. Evaluation of the phototherapeutic effect of P-DOPA-rGO in 2D in 
vitro cancer model (monolayers of cancer cells) 

After confirming the in vitro safety of P-DOPA-rGO, the photo
therapeutic capacity of this nanomaterial was evaluated on 2D in vitro 
cancer models. For such, monolayers of MCF-7 cells were incubated with 

P-DOPA-rGO (at the concentrations of 50 and 75 μg/mL of DOPA-rGO 
equivalents) and were irradiated with NIR light for 5 min (808 nm, 
1.7 W/cm2) (Fig. 5A). 

As expected, non-irradiated P-DOPA-rGO did not affect meaningfully 
the cells' viability, being in line with the results reported in Section 3.3 
(Fig. 3D). In turn, when MCF-7 cells were incubated with P-DOPA-rGO 
at 50 μg/mL (of DOPA-rGO equivalents) and irradiated with NIR light, 
their viability diminished to about 25% (Fig. 5B). The combined action 
of P-DOPA-rGO at 75 μg/mL (of DOPA-rGO equivalents) and NIR light 
could further decrease cells' viability to about 3%, leading to almost 
complete cancer cell ablation (Fig. 5B). It is also important to note that 

Fig. 6. Evaluation of the phototherapeutic capacity of P-DOPA-rGO in 3D in vitro cancer models (tumor spheroids). Schematic representation of the PTT mediated by 
P-DOPA-rGO towards spheroids (A). Effect of P-DOPA-rGO towards heterotypic spheroids without NIR (w/o NIR) and with NIR (w/ NIR) laser irradiation (808 nm, 
1.7 W/cm2, 5 min) (B). K− w/o NIR represents the negative control, whereas K− w/ NIR represents cells solely exposed to NIR light. Data represents mean ± SD, n =
30 (****p < 0.0001), n.s. = non-significant. CLSM images of spheroids stained with Calcein-AM/PI after incubation with P-DOPA-rGO (at 75 μg/mL of DOPA-rGO 
equivalents) w/o NIR or w/ NIR laser irradiation (808 nm, 1.7 W/cm2, 5 min) (C). Medium w/o NIR and medium w/ NIR depict non-treated spheroids and spheroids 
only exposed to NIR light, respectively. Green channel: Calcein-AM; red channel: PI. Scale bars correspond to 100 μm. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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breast cancer cells solely treated with NIR light did not suffer any al
terations in their viability (Fig. 5B), which is supported by the weak/ 
minimal interactions of NIR light with biological components [6]. These 
results were further confirmed through fluorescence images of Calcein- 
AM/PI stained MCF-7 cells exposed to P-DOPA-rGO in the presence and 
absence of NIR light (Fig. 5C). 

Movahedi et al. developed folic acid-conjugated gold nanorods that 
could induce a decrease in KB cells' viability to about 35% after NIR laser 
irradiation (808 nm, 2 W/cm2, 5 min; 15 μg/mL of nanoconjugates) 
[61]. Yu et al. verified that the PTT (808 nm, 2 W/cm2, 5 min) mediated 
by rGO produced by using dopamine reduced MCF-7 cells' viability to 
24% at a relatively high dose (120 μg/mL) [22]. Herein, the photo
thermal effect (808 nm, 1.7 W/cm2, 5 min) mediated by P-DOPA-rGO 
reduced MCF-7 cells' viability to 3% at a moderate dose (75 μg/mL of 
DOPA-rGO equivalents). The P-DOPA-rGO improved phototherapeutic 
effect may be correlated with its good photothermal capacity and/or 
differences in the cellular internalization kinetics. In this way, P-DOPA- 
rGO is a promising nanomaterial for breast cancer PTT. 

3.6. Evaluation of the phototherapeutic effect of P-DOPA-rGO in 3D in 
vitro cancer model (spheroids) 

Then, the phototherapeutic capacity of P-DOPA-rGO was assessed in 
spheroids (Fig. 6A). Spheroids are 3D in vitro cancer models that can 
better mimic some features of the in vivo solid tumors (e.g., 3D archi
tecture, resistance to therapeutics' penetration (due to an increased 
interstitial fluid pressure)) [62,63]. Therefore, the use of spheroids has 
been growing due to their ability to better predict the efficacy of 
nanomedicines [63]. 

In accordance with the behavior observed in the 2D cancer models 
(Section 3.5.), the sole irradiation of the spheroids with NIR light or the 
administration of non-irradiated P-DOPA-rGO did not meaningfully 
affect the spheroids' viability (Fig. 6B). In turn, spheroids treated with P- 
DOPA-rGO (at 75 μg/mL of DOPA-rGO equivalents) plus NIR light had 
their viability decreased to just 30%. This lower efficacy of the photo
therapeutic effect mediated by P-DOPA-rGO on spheroids when 
compared to that attained in the monolayers of cancer cells can be 
attributed to the higher spheroids' resistance to nanomaterials' pene
tration or to temperature mediated death [47,64]. 

Spheroids exposed to the aforementioned regiments were also 
stained with Calcein-AM/PI and imaged by CLSM. As it can be seen in 
Fig. 6C, the non-treated spheroids (medium w/o NIR) and the spheroids 
only irradiated with NIR light (medium w/ NIR light) mostly displayed 
an outer layer with Calcein-AM fluorescence and an inner layer with PI 
fluorescence (Fig. 6C). Such is in agreement with the layered organi
zation of spheroids, which have an outer layer of highly proliferative 
cells and an inner core of necrotic cells [62]. In line with the cell viability 
results, spheroids incubated solely with P-DOPA-rGO demonstrated a 
Calcein-AM/PI staining quite similar to that of non-treated spheroids 
(Fig. 6C). On the other hand, spheroids treated with P-DOPA-rGO plus 
NIR light mainly displayed PI-stained with very few cells emitting 
Calcein-AM fluorescence (Fig. 6C), further corroborating the cell 
viability results. 

In a recent work, Mó et al. unveiled that IR780 (photothermal agent; 
9 μg/mL) and Doxorubicin (chemotherapeutic agent; 5.93 μg/mL) 
loaded polymeric nanoparticles can reduce spheroids' viability to 42% 
[47]. By combining this nanoformulation with NIR light (808 nm, 1.7 
W/cm2, 5 min), the spheroids' viability could be further diminished to 
16% [47]. In this work, the non-irradiated P-DOPA-rGO had minimal 
effects on spheroids (viability > 85%) while the combination of P- 
DOPA-rGO with NIR light was capable of decreasing spheroids' viability 
to 30% (75 μg/mL of DOPA-rGO equivalents; 808 nm, 1.7 W/cm2, 5 
min). In this way, the P-DOPA-rGO is a promising nanomaterial for on- 
demand phototherapeutic anti-cancer applications. 

4. Conclusion 

In this work, the production of rGO by using dopamine as the 
reduction agent was optimized, for the first time, in order to obtain 
nanomaterials with a size distribution and NIR absorption suitable for 
application in cancer PTT. Furthermore, the PEtOx-SH, a biocompatible 
PEG alternative, was used to functionalize, for the first time, the surface 
of the obtained DOPA-rGO through a Michael addition reaction. The 
obtained data unveiled that the NIR absorption and size distribution of 
the rGO are affected by the dopamine content and the reaction time. In 
this regard, the rGO produced by using a 1:5 graphene oxide:dopamine 
weight ratio and a reaction time of 4 h presented the highest NIR ab
sorption while retaining its nanometric size distribution. Subsequently, 
the DOPA-rGO was functionalized with PEtOx-SH (P-DOPA-rGO), 
revealing suitable physicochemical properties, proper colloidal stability 
and good cytocompatibility. When irradiated with NIR light for 5 min, 
the P-DOPA-rGO at 75 μg/mL (of DOPA-rGO equivalents) induced a 
temperature increase of 36 ◦C. The PTT mediated by P-DOPA-rGO was 
capable of ablating breast cancer cells monolayers (viability < 3%) and 
could reduce heterotypic breast cancer spheroids' viability to just 30%. 
Overall, P-DOPA-rGO holds a great potential for application in breast 
cancer PTT. 
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[64] I. Mó, I.J. Sabino, D. de Melo-Diogo, R. Lima-Sousa, C.G. Alves, I.J. Correia, The 
importance of spheroids in analyzing nanomedicine efficacy, Nanomedicine 15 
(15) (2020) 1513–1525. 

R. Lima-Sousa et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0265
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0265
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0265
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0270
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0270
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0270
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0275
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0275
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0275
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0275
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0280
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0280
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0280
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0280
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0285
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0285
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0285
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0290
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0290
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0290
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0290
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0290
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0295
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0295
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0295
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0300
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0300
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0300
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0300
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0305
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0305
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0305
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0310
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0310
http://refhub.elsevier.com/S0928-4931(21)00608-1/rf0310
http://refhub.elsevier.com/S0928-4931(21)00608-1/or0010
http://refhub.elsevier.com/S0928-4931(21)00608-1/or0010
http://refhub.elsevier.com/S0928-4931(21)00608-1/or0010

	Poly(2-ethyl-2-oxazoline) functionalized reduced graphene oxide: Optimization of the reduction process using dopamine and a ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Optimization of the production of rGO by using dopamine
	2.2.2 Production and characterization of PEtOx functionalized DOPA-rGO
	2.2.3 Evaluation of the cytocompatibility of DOPA-rGO and P-DOPA-rGO
	2.2.4 Evaluation of the cellular uptake of P-DOPA-rGO
	2.2.5 Evaluation of the phototherapeutic effect of P-DOPA-rGO in 2D in vitro cancer models (monolayers of cancer cells)
	2.2.6 Evaluation of the phototherapeutic effect of P-DOPA-rGO in 3D in vitro cancer models (spheroids)
	2.2.7 Statistical analysis


	3 Results and discussion
	3.1 Optimization of the production of rGO by using dopamine
	3.2 Production and characterization of PEtOx functionalized DOPA-rGO
	3.3 Evaluation of the cytocompatibility of DOPA-rGO and P-DOPA-rGO
	3.4 Evaluation of the cellular uptake of P-DOPA-rGO
	3.5 Evaluation of the phototherapeutic effect of P-DOPA-rGO in 2D in vitro cancer model (monolayers of cancer cells)
	3.6 Evaluation of the phototherapeutic effect of P-DOPA-rGO in 3D in vitro cancer model (spheroids)

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


