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Aim: Enhance the colloidal stability and photothermal capacity of graphene oxide (GO) by functionalizing
it with sulfobetaine methacrylate (SBMA)-grafted bovine serum albumin (BSA; i.e., SBMA-g-BSA) and by
loading IR780, respectively. Materials & methods: SBMA-g-BSA coating and IR780 loading into GO was
achieved through a simple sonication process. Results: SBMA-g-BSA-functionalized GO (SBMA-BSA/GO)
presented an adequate size distribution and cytocompatibility. When in contact with biologically relevant
media, the size of the SBMA-BSA/GO only increased by 8%. By loading IR780 into SBMA-BSA/GO, its pho-
tothermal capacity increased by twofold. The combination of near infrared light with SBMA-BSA/GO did
not induce photocytotoxicity on breast cancer cells. In contrast, the interaction of IR780-loaded SBMA-
BSA/GO with near infrared light caused the ablation of cancer cells. Conclusion: IR780-loaded SBMA-
BSA/GO displayed an improved colloidal stability and phototherapeutic capacity.
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Nanomaterials have been extensively investigated for cancer-related applications due to their ability to passively
accumulate at the tumor site (1,2]. Owing to this feature and depending on the nanomaterials’ intrinsic prop-
erties, they can be used for a myriad of therapeutic or imaging modalities [1,3-5]. For therapeutic applications,
nanostructures with near infrared (NIR; 750-1000 nm) light absorption (e.g., gold nanorods (6], CuS nanopar-
ticles [7] and polydopamine nanostructures [8]) have been capturing the attention of researchers. In this regard,
graphene oxide (GO) nanomaterials are promising candidates due to their NIR absorption and loading capac-
ity [9-111. Upon interaction with NIR light, GO can produce a temperature increase (AT) that causes damage to
cancer cells (photothermal therapy [PTT]) (12-15]. In cancer PTT, the use of NIR light is fundamental due to its
minimal/insignificant interaction with biological components (e.g., hemoglobin, melanin and water), ensuring a
high tissue penetration depth and minimal off-target heating [1,16]. Additionally, GO presents an aromatic lattice
that can encapsulate hydrophobic molecules through noncovalent interactions, endowing it with drug delivery ca-
pabilities [13,17,18]. The nanomaterials’ photothermal heating can also trigger other events (e.g., drug release [18-20),
paving the way for the development of multifunctional nanoagents. Moreover, it has been recently suggested the use
of nanomaterials’ photothermal effect for the elimination of pathogens from respiratory protective equipment [21].

Despite its NIR responsiveness, the poor colloidal stability of GO limits its direct application for cancer
PTT [9,22,23]. Upon contact with biological fluids, as-synthesized GO precipitates, undermining its capacity to
reach the tumor site [9,10,23]. To address this limitation, GO derivatives have been functionalized with PEG-based
coatings (10,23,24]. However, a recent study has unveiled that systemically administered PEGylated GO derivatives
suffer from the so-called accelerated blood clearance (ABC) phenomenon [25]. In brief, anti-PEG antibodies are
generated at the time of the first intravenous injection of the PEGylated nanomaterials, which in turn mediate the
rapid clearance of these nanostructures in subsequent injections [25]. This phenomenon has also been reported for
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other types of PEGylated nanomaterials, including for US FDA/EMA approved nanomedicines (e.g., Caelyx) [26-
29]. Therefore, it is of utmost importance to develop new coatings that can improve the colloidal stability of
GO.

On the other hand, PTT based on GO nanomaterials requires the administration of high doses or the use of
intense radiation in order to attain a suitable therapeutic effect [30-33). Therefore, the subpar photothermal capacity
of GO is also an impediment for its broader use in cancer PTT. To overcome this bottleneck, GO can be reduced
with hydrazine hydrate, a process that restores its graphitic lattice, improving its NIR absorption and hence its
photothermal capacity [34,35]. For example, Robinson e# a/. prepared hydrazine hydrate-reduced GO that displayed
a 6.8-times higher NIR absorption and a 2.2-times greater photothermal capacity than GO [35]. However, hydrazine
hydrate-reduced GO presents a poor cytocompatibility due to the toxicity of this reducing agent (36). Reduced GO
nanoribbons [37] and reduced GO nanomeshes [38] can display an even greater NIR absorption. Nevertheless, the
production of these derivatives also relies on the use of hydrazine. Alternatively, environment friendly methods have
also been proposed to reduce GO (e.g., using bacteriorhodopsin [39], green tea [40], glucose [41] and curcumin [42]).
However, these methods are not yet widely applied since the environment friendly reduced GO still requires further
biological characterization. In turn, other NIR-responsive nanomaterials (e.g., gold nanorods 43, iron oxides [11],
zinc ferrite spinels [44] and copper sulfides [20]) can be grown directly on the aromatic lattice of GO, improving
its photothermal capacity. Nevertheless, the formulation of these nanohybrids is a complex process, limiting their
large-scale assembly and future translation [45-47].

In this work, and for the first time, GO was functionalized with a protein based amphiphilic coating containing
sulfobetaine methacrylate (SBMA) brushes, and was loaded with IR780, with the intent to improve its colloidal sta-
bility and photothermal capacity, respectively. In a previous report, it was demonstrated that polymeric nanoparticles
formulated using SBMA-grafted bovine serum albumin (BSA) (i.e., SBMA-¢-BSA) display an improved colloidal
stability and enhanced cellular uptake (48]. Furthermore, SBMA-functionalized nanomaterials have also a long
blood circulation time, thereby achieving a high tumor uptake [49]. As importantly, SBMA-coated nanoparticles are
not reported to suffer from the ABC phenomenon [50]. On the other hand, IR780 (a hydrophobic small molecule)
was selected to be loaded on the graphitic lattice of GO due to its high NIR absorption [48,51]. Furthermore, the
optical properties of IR780 are superior or equivalent to those displayed by other NIR responsive dyes such as
indocyanine green and other prototypic heptamethine cyanines (e.g., IR775, IR783, IR797 and IR806) [521.

SBMA-g-BSA-functionalized GO (SBMA-BSA/GO) was obtained through a simple sonication process, and
it displayed an adequate size distribution and cytocompatibility for cancer-related applications. When in contact
with biologically relevant media, the size of the SBMA-functionalized GO derivatives only increased by 8% after
48 h, revealing an excellent colloidal stability. In the same conditions, GO (without any functionalization) and
non-SBMA-functionalized GO (BSA-coated GO) suffered a 63 and 31% increase in their size, respectively. By
loading IR780 into SBMA-BSA/GO (IR/SBMA-BSA/GO), the nanomaterials’ NIR absorption increased by
5.6-fold. In this way, the IR/SBMA-BSA/GO could produce an up to two-times higher photoinduced heat than
SBMA-BSA/GO. In the in vitro studies, the combination of NIR light with SBMA-BSA/GO did not induce
photocytotoxicity on breast cancer cells. In stark contrast, the interaction of IR/SBMA-BSA/GO with NIR light
caused the ablation of cancer cells (cell viability <2%). Overall, IR/SBMA-BSA/GO displays a greatly improved
colloidal stability and phototherapeutic capacity, being a promising nanohybrid for application in the PTT of breast
cancer cells.

Materials & methods

Materials

DMEM-F12, IR780, DL-Dithiothreitol (DTT) and SBMA were purchased from Sigma—Aldrich (Sintra, Portu-
gal). Methanol was obtained from Honeywell (Oeiras, Portugal). BSA was obtained from Amresco (PA, USA).
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was bought
from Promega (W1, USA). Michigan Cancer Foundation-7 (MCE-7) cell line was acquired from ATCC (Middle-
sex, UK). Normal human dermal fibroblasts (NHDF) were obtained from PromoCell (Heidelberg, Germany). Fetal
bovine serum (FBS) was bought from Biochrom AG (Berlin, Germany). Calcein-AM, cell culture plates, T-flasks
and propidium iodide (PI) were purchased from Thermo Fisher Scientific (Porto, Portugal). Cell imaging plates
were obtained from Ibidi GmbH (Munich, Germany). GO was acquired from NanoPoz (Umultowska Poznan,
Wielkopolska). SBMA-g-BSA was synthesized as previously described [48]. Water used in all assays was double
deionized (0.22 pum filtered; 18.2 M2 cm).
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Methods
Production of SBMA-BSA/ GO & IR/SBMA-BSA/ GO

IR/SBMA-BSA/GO was produced by adapting protocols previously described [13,48]. Initially, SBMA-g-BSA
(0.09 mg/ml; 1 ml) and DTT (0.005 mg/ml, 1 ml) were allowed to react for 20 min under constant stirring [48].
Then, GO (200 pg/ml; 0.5 ml) was mixed with the polymer-DTT solution (0.5 ml) and sonicated for 60 min
(Branson 5800; Branson Ultrasonics, CT, USA). Subsequently, IR780 (20 pg in methanol) was added to the
previous solution, followed by another 30 min of sonication. This solution was then dialyzed against water
(500-1000 Da molecular weight cut-off membrane) for 90 min to remove DTT, methanol and nonloaded IR780.
Finally, the recovered solution was centrifuged to remove any aggregates, yielding IR/SBMA-BSA/GO. To produce
SBMA-BSA/GO, the process was the same but without the IR780 addition step. As control, BSA-functionalized
GO (BSA/GO) was also produced as described above using BSA instead of SBMA-g-BSA.

Characterization of SBMA-g-BSA, GO, SBMA-BSA/ GO & IR/SBMA-BSA] GO

The successful synthesis of SBMA-g-BSA was confirmed by Fourier transform infrared spectroscopy (FTIR) using a
Nicolet iS10 spectrometer (Thermo Scientific, Inc., MA, USA). The physicochemical properties of GO were con-
firmed by FTIR, UV-visible absorption spectroscopy (Evolution 201 spectrophotometer; Thermo Scientific, Inc.)
and energy-dispersive x-ray spectroscopy (XFlash Detector 5010; Bruker, Karlsruhe, Germany). SBMA-BSA/GO
and IR/SBMA-BSA /GO size distribution and zeta potential were evaluated in a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK). The variation of IR/SBMA-BSA/GO, SBMA-BSA/GO, BSA/GO and GO size
over time when dispersed in cell culture medium (DMEM-F12 with 10% [v/v] of FBS) was also investigated [48].
The dimensions of GO, SBMA-BSA/GO and IR/SBMA-BSA/GO were confirmed by transmission electron
microscopy (TECNAI G2 20 S-TWIN [FEI Company, The Netherlands]; operated at an accelerating voltage of
200 kV). Prior to this analysis, the samples were stained with phosphotungstic acid (2% [w/v]). Visible-NIR ab-
sorption spectroscopy was employed to confirm the NIR absorption of SBMA-BSA/GO and IR/SBMA-BSA/GO
and the IR780 encapsulation efficiency. Initially, the absorption of IR/SBMA-BSA/GO at 890 nm, when dis-
persed in water, was analyzed. Then, a standard curve of GO (in water) at 890 nm was used to determine the
concentration of GO in the sample (please note that IR780 and SBMA-g-BSA do not have absorption at this
wavelength). Subsequently, the absorption of IR/SBMA-BSA/GO at 808 nm, when dispersed in water/methanol
(1:1 [v/v]), was acquired. Then, the determined concentration of GO and a standard curve of GO at 808 nm (in
1:1 [v/v] water/methanol) was used to determine the absorption of GO at 808 nm. Finally, the absorption of GO
(at 808 nm) was subtracted to that of IR/SBMA-BSA/GO (at 808 nm), yielding the IR780 absorption (please note
that SBMA-g-BSA does not absorb at this wavelength). Finally, a standard curve of IR780 at 808 nm (in 1:1 [v/v]
water/methanol) was used to determine the concentration of IR780 in the IR/SBMA-BSA/GO sample [13,48].
The photothermal capacity of SBMA-BSA/GO and IR/SBMA-BSA/GO was determined by monitoring the
temperature variations, using a thermocouple thermometer, upon irradiation of the nanostructures with NIR laser

light for 10 min (808 nm, 1.7 W/cm?) [15].

Evaluation of the cytocompatibility of SBMA-BSA| GO

The cytocompatibility of SBMA-BSA/GO toward MCF-7 cells and NHDF was evaluated through an MTS
assay [53]. All cell lines were cultured in DMEM-F12 supplemented with 10% (v/v) of FBS and 1% (v/v) of
penicillin/streptomycin in a humidified incubator (37°C, 5% CO,). For this assay, MCF-7 cells and NHDF were
seeded at a density of 1 X 104 cells/well in 96-well plates. After 24 h, the medium was removed, and cells were
incubated with culture medium containing different doses of SBMA-BSA/GO for 24 or 48 h. Afterward, the
nanomaterials were removed, and the cells were incubated with 120 ul of fresh medium containing MTS (20 pl)
for 4 h in the dark (37°C, 5% CO,). Then, the cells’ viability was determined by analyzing the absorbance of the
samples at 490 nm, using a microplate reader (xMark Microplate Spectrophotometer; Bio-Rad; Algés, Portugal).
Negative (K™) and positive (K*) controls correspond to cells incubated solely with culture medium (without
nanomaterials) and to cells treated with ethanol (70% [v/v]), respectively. Images of the cells after exposure to
SBMA-BSA/GO were also acquired in an Olympus CX41 inverted optical microscope (10x objective; Olympus,
Hamburg, Germany) equipped with an SP-500 UZ digital camera (Olympus).
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Evaluation of the phototherapeutic capacity of SBMA-BSA/ GO & IR/ SBMA-BSA/ GO

The phototherapeutic effect mediated by SBMA-BSA/GO and IR/SBMA-BSA/GO was evaluated as previously
described [13]. In brief, MCF-7 cells were seeded as described in 2.2.3. After 24 h, the medium was replaced by fresh
medium containing different concentrations of SBMA-BSA/GO (40.0 and 65.0 pg/ml of GO equivalents) or
IR/SBMA-BSA/GO (40.0/7.7 and 65.0/12.5 pg/ml of GO/IR780 equivalents). After 4 h, cells were irradiated
with NIR light (808 nm, 1.7 W/cm?, 10 min). Upon reaching 24 h of incubation, the nanomaterials were removed,
and the cells’ viability was evaluated as described in 2.2.3. Calcein-AM/PI staining was also performed (according to
the manufactures’” protocol) to visualize the live/dead cells after the different treatments by confocal laser scanning
microscopy (Zeiss LSM 710 confocal microscope; Carl Zeiss AG, Oberkochen, Germany).

Statistical analysis

All data are presented as the mean + standard deviation. One-way ANOVA with the Student—Newman—Keuls
test was applied for the comparison of multiple groups. A p-value lower than 0.05 (*p <0.05) was considered
statistically significant. For data analysis, GraphPad Prism v6.0 (Trial version, GraphPad Software, CA, USA) was
used.

Results

Production & characterization of SBMA-BSA/GO & IR/SBMA-BSA/GO

For improving the colloidal stability and phototherapeutic capacity of GO, this nanomaterial was functionalized
with SBMA-g-BSA and was loaded with IR780, respectively (Figure 1A). The SBMA-g-BSA was prepared as
previously described elsewhere (48], by grafting SBMA into BSA using a Michael addition, and its synthesis was
confirmed by FTIR (Supplementary Figure 1). The physicochemical properties of GO were also characterized
(Supplementary Figures 2 & 3A), being in line with previous reports [53-56].

Then, GO was functionalized with SBMA-¢g-BSA by using a simple sonication process [13]. During this process,
the GO sheets are exfoliated and the hydrophobic domains of SBMA-¢g-BSA adsorb into its aromatic surface,
yielding SBMA-BSA/GO. The dynamic light scattering analysis demonstrated that the functionalization process of
GO with SBMA-¢g-BSA improved its size distribution (Figure 1B). The nanosized dimensions of SBMA-BSA/GO
were then confirmed by transmission electron microscopy (Supplementary Figure 3B).

Then, IR780 was loaded into the surface of SBMA-BSA/GO through noncovalent interactions (hydrophobic
interactions and m-7 stacking). The size distribution of IR/SBMA-BSA/GO was similar to that of SBMA-
BSA/GO (Figure 1B). The zeta potentials of SBMA-BSA/GO (-29.6 £ 0.9 mV) and IR/SBMA-BSA/GO
(-29.4 + 1.2 mV) were also comparable. In contrast, nonfunctionalized GO presented a more negative surface
charge (-43.8 £ 1.3 mV). The IR780 encapsulation efficiency in IR/SBMA-BSA/GO was of about 77 £ 14%.
Furthermore, the IR/SBMA-BSA/GO was capable of adsorbing 0.192 £ 0.043 pg of IR780 per pg of GO.

Additionally, the stabilities of SBMA-BSA/GO and IR/SBMA-BSA/GO over time in cell culture medium
(DMEM-F12 supplemented with 10% [v/v] of FBS) were assessed (Figure 1C). Both samples were capable of
maintaining their size distribution over time (size variation <8% after 48 h of incubation). As control, the colloidal
stability of GO (without any functionalization) and GO coated with BSA (non-SBMA functionalized) was also
evaluated (Figure 1C). In this regard, GO and BSA/GO suffered an up to 63 and 31% increase in their size when
incubated in cell culture medium, respectively.

Photothermal capacity of SBMA-BSA/GO & IR/SBMA-BSA/GO

To assess the ability of SBMA-BSA/GO and IR/SBMA-BSA/GO to interact with NIR light, their absorption
spectra were acquired (Figure 1D). As expected, SBMA-BSA/GO exhibited a NIR absorption similar to that
displayed by GO (Figure 1D). On the other hand, the spectrum of IR/SBMA-BSA/GO demonstrated an increased
absorption in the 620-870 region, which is a characteristic feature of IR780 (48].

Then, the photothermal capacity of these nanomaterials was investigated (Figure 2 & Supplementary Figure 4).
In general, SBMA-BSA/GO and IR/SBMA-BSA/GO produced a time- and concentration-dependent AT when
irradiated with NIR light (Figure 2A & B). After 10 min of irradiation, SBMA-BSA/GO and IR/SBMA-BSA/GO
could generate AT of about 14 and 28°C, respectively (at 65 pg/ml of GO equivalents) (Figure 2A & B).
Furthermore, the response of water (control) to NIR light irradiation was meaningless (AT <2°C) (Figure 2A &
B), which is justified by the weak interaction of 808 nm radiation with water [1].

10.2217/nnm-2020-0460 Nanomedicine (Lond.) (Epub ahead of print) future science group .

fsg



SBMA-coated GO loading IR780 for cancer therapy  Research Article

SBMA-BSA/GO

b/ S,

Amphiphilic polymer
SBMA-BSA/GO

Zwitterionic brushes

Improved colloidal stability

SBMA-g-BSA

Cancer photothermal therapy

®
©
C)

154 100 1.0+
— IR/SBMA-BSA/GO —— IR/SBMA-BSA/GO — IR/SBMA-BSA/GO

— SBMA-BSA/GO ||~ sBma-BsaGO — SBMA-BSA/GO
—Go 80| . BsaGo 0. — GO
~ GO

10

60—

o

40

o

Intensity (%)

20

Size variation in culture
medium (normalized, %)
Absorbance (a. u.)

A
0 T T T T ] T T T 0.0 T T T T T 1
0.1 1 10 100 1000 10,000 0 3 24 48 400 500 600 700 800 900 1000

Size (d. nm) Time (h) Wavelength (nm)

Figure 1. Preparation and physicochemical characterization of sulfobetaine methacrylate-grafted bovine serum albumin-functionalized
graphene oxide and IR780-loaded sulfobetaine methacrylate-grafted bovine serum albumin-functionalized graphene oxide. Schematic
representation of the application of SBMA-BSA/GO and IR/SBMA-BSA/GO in cancer photothermal therapy (A). Dynamic light scattering
size distribution of IR/SBMA-BSA/GO, SBMA-BSA/GO and GO (B). Size variation of IR/SBMA-BSA/GO, SBMA-BSA/GO, BSA/GO and GO
when dispersed in DMEM-F12 medium supplemented with 10% of fetal bovine serum (v/v). The values of each group were normalized
using the respective initial size (t = 0 h). Each bar represents mean + standard deviation (n = 3) (C). Visible-near infrared absorption
spectra of IR/SBMA-BSA/GO, SBMA-BSA/GO and GO (D).

BSA: Bovine serum albumin; BSA/GO: BSA-functionalized GO; GO: Graphene oxide; IR/SBMA-BSA/GO: IR780-loaded SBMA-BSA/GO;
SBMA: Sulfobetaine methacrylate; SBMA-BSA/GO: SBMA-g-BSA-functionalized GO; SBMA-g-BSA: SBMA-grafted BSA.

Evaluation of the cytocompatibility of SBMA-BSA/GO

Prior to determining the phototherapeutic capacity of the different SBMA-functionalized GO nanoformulations,
the cytocompatibility of the SBMA-BSA/GO was investigated. For such, NHDF (healthy cell model) and MCE-7
cells (breast cancer cell model) were incubated with SBMA-BSA/GO during 24 and 48 h (Figure 3).

NHDF incubated with SBMA-BSA/GO did not have their viability affected in a meaningful way (cell viability
>92%), even at a high SBMA-BSA/GO dose (75 pg/ml of GO equivalents) (Figure 3B). Furthermore, MCF-7
cells incubated with SBMA-BSA/GO also revealed a high cell viability (>93%) (Figure 3A). Moreover, SBMA-
BSA/GO did not cause any detectable changes in the morphology of both cell lines (Supplementary Figure
5).

Evaluation of the PTT mediated by SBMA-BSA/GO & IR/SBMA-BSA/GO

Then, the phototherapeutic capacities of SBMA-BSA/GO and IR/SBMA-BSA/GO toward breast cancer cells
were investigated. For this purpose, MCF-7 cells were incubated with the nanomaterials and then were exposed to
NIR light (808 nm, 1.7 W/cm?, 10 min) (Figure 4A).

future science group 10.2217/nnm-2020-0460
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Figure 2. Characterization of the photothermal capacity of sulfobetaine methacrylate-grafted bovine serum
albumin-functionalized graphene oxide and IR780-loaded sulfobetaine methacrylate-grafted bovine serum
albumin-functionalized graphene oxide. Temperature variation curves of sulfobetaine methacrylate-grafted bovine
serum albumin-functionalized graphene oxide (SBMA-BSA/GO) (A) and IR780-loaded SBMA-BSA/GO (B) at different
concentrations (of GO equivalents) during 10 min of near infrared irradiation (808 nm, 1.7 W/cm?).
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Figure 3. Evaluation of the cytocompatibility profile of sulfobetaine methacrylate-grafted bovine serum
albumin-functionalized graphene oxide. Cell viability of MCF-7 cells (A) and normal human dermal fibroblast (B)
incubated with sulfobetaine methacrylate-grafted bovine serum albumin-functionalized GO at different
concentrations (of GO equivalents) during 24 and 48 h. Data represent mean + standard deviation, n = 5. K~ and K*
represent the negative and positive controls, respectively.

As expected, MCEF-7 cells solely incubated with SBMA-BSA/GO or only exposed to NIR light did not show
a decrease in their viability (Figure 4B). Such result is in agreement with the good cytocompatibility displayed by
SBMA-BSA/GO (Figure 3A) and with the insignificant off-target heating induced by water when exposed to NIR
light (Figure 2). Surprisingly, the combination of NIR light with SBMA-BSA/GO did not reduce the viability of
the cancer cells, even at a relatively high nanomaterial’s dose (65 pg/ml of GO equivalents) (Figure 4B).

On the other hand, the two tested doses of nonirradiated IR/SBMA-BSA/GO (40.0/7.7 and 65.0/12.5 pg/ml
of GO/IR780 equivalents) induced a similar reduction on cancer cells’ viability to about 67% (Figure 4B). In
turn, upon irradiation with NIR light, the IR/SBMA-BSA/GO could greatly decrease the viability of MCF-7 cells
(Figure 4B). At the highest concentration tested (65.0/12.5 pug/ml of GO/IR780 equivalents), the combination
of IR/SBMA-BSA/GO with NIR light reduced the cancer cells’ viability to <2% (Figure 4B). These results were
further corroborated by confocal laser scanning microscopy images of MCEF-7 cells stained with Calcein-AM (labels
viable cells) and PI (labels dead cells) (Figure 4C & D).
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cells stained with Calcein-AM/PI after incubation with SBMA-BSA/GO (65.0 ug/ml of GO equivalents) or
IR/SBMA-BSA/GO (65.0/12.5 ug/ml of GO/IR780 equivalents) w/o NIR (C) or w/ NIR laser irradiation (808 nm,

1.7 W/cm?, 10 min) (D). The control for live cells (medium w/o NIR) was also performed. Cells incubated with medium
and solely exposed to NIR light (medium w/ NIR) were also analyzed. Green channel: Calcein-AM; red channel: PI.
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GO: Graphene oxide; IR/SBMA-BSA/GO: IR780-loaded SBMA-BSA/GO; NIR: Near infrared; ns: Nonsignificant; PI:
Propidium iodide; SBMA-BSA/GO: Sulfobetaine methacrylate-grafted bovine serum albumin-functionalized GO; wy/:
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Discussion
The NIR absorption of GO nanomaterials has propelled their investigation for cancer PTT. However, as-synthesized
GO presents poor colloidal stability and subpar photothermal capacity, hindering its full therapeutic potential. To
address these limitations, in this work GO was coated with SBMA-g-BSA and was loaded with IR780.

The functionalization process of GO with SBMA-g-BSA improved its size distribution (Figure 1B). In fact,
SBMA-BSA/GO displayed nanometric dimensions (Supplementary Figure 3B) that are within the size distribution
considered as optimal for passive tumor accumulation [1,57). Then, IR780 was loaded into SBMA-BSA/GO. Im-
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portantly, the loading of this phototherapeutic agent did not significantly impact the nanomaterials’ size (Figure 1B
& Supplementary Figure 3C).

The SBMA-BSA/GO and IR/SBMA-BSA/GO presented a similar surface charge (¢ & -29 mV) that contrasts
with that presented by GO (¢ = -43.8 £ 1.3 mV). Such data suggest that the SBMA-g-BSA-based coating can
attenuate part of the negative surface charge displayed by the GO nanostructures. The encapsulation efficiency of
IR780 in the IR/SBMA-BSA/GO was higher than that displayed by other GO-based nanomaterials (58,59]. The
high loading capacity of IR/SBMA-BSA/GO is an inherent property of GO-based nanomaterials [13,60], and also
results from the fact that GO nanosheets without IR780 are removed during the nanomaterials purification phase
(centrifugation step).

When dispersed in cell culture medium, both SBMA-BSA/GO and IR/SBMA-BSA/GO revealed excellent
colloidal stability since their size was not severely affected over time (Figure 1C). In the same conditions, the size
of BSA/GO and GO increased by up to 31 and 63%, respectively (Figure 1C). These findings reveal that the
improved colloidal stability of SBMA-BSA /GO and IR/SBMA-BSA /GO results from the SBMA functionalization.
In fact, it has been previously demonstrated that the grafting of SBMA into the surface of polymeric nanoparticles
also enhances their colloidal stability [48]. Furthermore, tri-block copolymers based on SBMA-poly(ethylenimine)-
poly(maleic anhydride-a/t-1-octadecene) conjugates were recently reported to be capable of improving the colloidal
stability of GO [17]. In this context, the SBMA-¢g-BSA coating employed in this work can also endow GO with
an optimal colloidal stability and may be more advantageous due to the good 7z vive biocompatibility and
biodegradability of BSA [61,621. Moreover, the coating of nanostructures with SBMA has been reported to decrease
protein adsorption on the nanostructures surface, hence increasing their stability during circulation and prompting
their tumor accumulation [63-65].

After confirming that the SBMA-BSA/GO and IR/SBMA-BSA/GO presented suitable physicochemical prop-
erties for application in cancer therapy, we investigated their photothermal capacity. Upon NIR laser irradiation,
both formulations produced AT that can potentially induce irreversible damage to cancer cells (e.g., protein de-
naturation, membrane collapse and enzymatic/mitochondrial dysfunctions), ultimately leading to their death by
necrosis (Figure 2 & Supplementary Figure 4) [1,66].

The IR/SBMA-BSA/GO could produce an up to two-times higher photoinduced heat than SBMA-BSA/GO
(Figure 2A & B). The higher photothermal capacity of IR/SBMA-BSA/GO is related to its 5.6-times higher
absorption at 808 nm when compared with SBMA-BSA/GO (Figure 1D). For instance, Justin and coworkers
prepared reduced GO—iron oxide-based nanohybrids that could produce AT of 13°C after NIR laser irradiation
(50 pg/ml; 808 nm, 2.5 W/cm?, 10 min) [67]. Herein, the IR/SBMA-BSA/GO generated a photoinduced heat of
21°C (AT) using a lower concentration of NIR-responsive agents and a weaker radiation intensity (40.0/7.7 pg/ml
of GO/IR780 equivalents; 808 nm, 1.7 W/cm?, 10 min). In this way, the incorporation of IR780 in SBMA-
BSA/GO is a straightforward nonlaborious process for improving the photothermal capacity of this nanomaterial.

When incubated on NHDF and MCE-7 cells, the SBMA-BSA/GO did not affect meaningfully the cells’ viability
(Figure 3) neither induced appreciable changes on cells’ morphology (Supplementary Figure 5). These results are
in line with the excellent cytocompatibility displayed by SBMA-functionalized nanomaterials and by BSA-based
nanoformulations [49,61,62,68]. Surprisingly, MCE-7 cells treated with SBMA-BSA/GO plus NIR light also remained
highly viable (Figure 4B & D). These data further confirm the importance of improving GO photothermal capacity
in order to achieve an appropriate therapeutic effect. On the other hand, nonirradiated IR/SBMA-BSA/GO could
decrease the viability of cancer cells to about 67% (Figure 4B & C). This effect may result from the IR780
propensity to accumulate on the mitochondria of MCEF-7 cells, leading to a slight cytotoxic effect [69,70]. In stark
contrast, the combined action of IR/SBMA-BSA/GO and NIR light induced the ablation of cancer cells (cell
viability <2%) (Figure 4B & D). Considering that the interaction of SBMA-BSA/GO with NIR light did not
cause any cytotoxicity, these findings confirm that the encapsulation of IR780 in the SBMA-functionalized GO
can be pursued to improve its phototherapeutic capacity.

For instance, Sun ez al. grew gold nanorods on the surface of GO materials, demonstrating that the PTT
mediated by these hybrid structures could reduce cancer cells’ viability to about 17% (808 nm, 0.8 W/cm?,
10 min; 50 pg/ml of Au) [43]. On the other hand, Wu ez al. performed the growth of CuS nanoparticles on the
surface of GO nanosheets, verifying that this nanohybrid could induce a reduction on breast cancer cells’ viability
to 45% upon NIR laser irradiation (940 nm, 4 W /cm?, 5 min; 50 ug/ml of nanohybrids) [71]. Herein, IR/SBMA-
BSA/GO were prepared by just encapsulating IR780 in SBMA-BSA/GO, rendering a hybrid nanosystem whose
photothermal effect diminished cancer cells’ viability to 2% (808 nm, 1.7 W/cm?, 10 min; 65.0/12.5 pg/ml
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of GO/IR780 equivalents). In this way, IR/SBMA-BSA/GO is a promising agent for application in the PTT of

breast cancer cells.

Conclusion

In this work, GO was functionalized with SBMA-g-BSA and loaded with IR780, for the first time, in order to
improve its colloidal stability and photothermal capacity. The SBMA-BSA/GO and IR/SBMA-BSA/GO were
produced using a simple sonication method and presented an adequate size distribution. When in contact with
biologically relevant media, the size of SBMA-BSA/GO and IR/SBMA-BSA/GO only increased by 8% after
48 h, revealing an excellent colloidal stability. In the same condition, the GO and BSA/GO suffered a 63 and
31% increase in their size, respectively. By loading IR780 into SBMA-BSA/GO, its NIR absorption increased by
5.6-fold. In this way, the IR/SBMA-BSA/GO could produce an up to two-times higher photoinduced heat than
SBMA-BSA/GO. In in vitro studies, the combination of NIR light with SBMA-BSA/GO did not induce any
photocytotoxicity on breast cancer cells. In stark contrast, the interaction of IR/SBMA-BSA/GO with NIR light
was able to induce the ablation of cancer cells (cell viability <2%). Overall, IR/SBMA-BSA/GO displays a greatly
improved colloidal stability and phototherapeutic capacity, being a promising nanohybrid for application in the
PTT of breast cancer cells. In the future, i vivo assays will be crucial to fully depict the phototherapeutic capacity

of IR/SBMA-BSA/GO.

Future perspective

GO derivatives have been functionalized with PEG-based coatings in order to improve their colloidal stability. On
the other hand, this nanomaterial has also been reduced using hydrazine hydrate for improving its photothermal
capacity. These two strategies present critical limitations since PEG-based coatings can be immunogenic and the
hydrazine hydrate reduction hinders the materials’ biocompatibility. In the future years, the investigation of novel
coatings that are not prone to suffer from the ABC phenomenon, and their use to functionalize GO derivatives will
be crucial to accelerate the nanomaterials’ translation. In turn, the photothermal capacity of this nanomaterial may
be enhanced by loading different NIR-responsive molecules on its lattice or by exploring environmentally friendly
and nonhazardous reduction methods. The phototherapeutic capacity of GO may also be explored in conjugation
with other therapeutic modalities (e.g., immunotherapy), opening a venue for a revolutionized cancer therapy.

Summary points

e The sulfobetaine methacrylate (SBMA)-functionalized graphene oxide (GO) derivatives displayed improved
colloidal stability in biologically relevant media (size variation <8%).

e The loading of IR780 into SBMA-grafted bovine serum albumin (BSA)-functionalized GO (SBMA-BSA/GO)
increased the nanomaterials’ near infrared (NIR) absorption by 5.6-fold.

e The enhanced NIR absorption of IR780-loaded SBMA-BSA/GO enabled the production of an up to two-times
higher photoinduced heat.

e SBMA-BSA/GO was cytocompatible toward both healthy and breast cancer cells.

e SBMA-BSA/GO in combination with NIR light did not induce any photocytotoxicity on breast cancer cells.

e IR780-loaded SBMA-BSA/GO in combination with NIR light caused the ablation of breast cancer cells.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup
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