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Abstract
New insights about nanomaterials’ biodistribution revealed their ability to achieve 

tumor accumulation by taking advantage from the dynamic vents occurring in 

tumor’s vasculature. This paradigm-shift emphasizes the importance of extending 

nanomaterials’ blood circulation time to enhance their tumor uptake. The classic 

strategy to improve nanomaterials’ stability during circulation relies on their 

functionalization with poly(ethylene glycol). However, recent reports have been 

showing that PEGylated nanomaterials can suffer from the accelerated blood 

clearance phenomenon, emphasizing the importance of developing novel 

coatings for functionalizing the nanomaterials. To address this limitation, the 

modification of natural carriers’ surface to enhance their stability appears to be a 

promising strategy. Herein, sulfobetaine methacrylate (SBMA)-functionalized 

bovine serum albumin (BSA) was synthesized for the first time to investigate the 

capacity of this modification to improve the resulting nanoparticles’ 

physicochemical properties, colloidal stability and in vitro performance. This novel 

polymer was then employed in the formulation of nanoparticles loaded with IR780 

for application in breast cancer phototherapy (IR/SBMA-BSA NPs). When 

compared to their non-functionalized equivalents, the IR/SBMA-BSA NPs 

presented a neutral surface charge and a higher stability in biologically relevant 

media. Due to these features, the IR/SBMA-BSA NPs could achieve a 1.9-fold 

greater uptake by breast cancer cells than IR/BSA NPs. Furthermore, the 

IR/SBMA-BSA NPs were cytocompatible towards normal cells and reduced 

breast cancer cells’ viability up to 42 %. The phototherapy mediated by IR/SBMA-

BSA NPs could further decrease cancer cells’ viability to about 12 %. Overall, the 

IR/SBMA-BSA NPs have enhanced features that propel their application in breast 

cancer phototherapy.

Keywords: Albumin nanoparticles, Breast cancer, IR780, Photothermal therapy, 

Polymer functionalization, Zwitterionic coatings
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Abbreviation List
1H NMR - Proton Nuclear Magnetic Resonance

ABC - Accelerated Blood Clearance

ANOVA - Analysis of Variance

BSA – Bovine Serum Albumin

DLS - Dynamic Light Scattering

DMEM-F12 - Dulbecco’s Modified Eagle’s Medium-F12

DTT - DL-Dithiothreitol

EE - Encapsulation Efficiency

EPR - Enhanced Permeability and Retention

FBS - Fetal Bovine Serum

FTIR - Fourier Transform Infrared Spectroscopy

IR/BSA NPs – IR780 loaded BSA nanoparticles 

IR/SBMA-BSA NPs – IR780 loaded SBMA-g-BSA nanoparticles 

MCF-7 - Michigan Cancer Foundation-7

NHDF - Normal Human Dermal Fibroblasts

NIR - Near Infrared

ns - Non-significant

PBS - Phosphate Buffered Saline

PDI - Polydispersity Index

PEG - Poly(ethylene glycol)

SBMA - [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide

SBMA-g-BSA – BSA grafted with SBMA

S.D. - Standard Deviation

TEM - Transmission Electron Microscopy 
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1. Introduction

Phototherapies mediated by nanomaterials have been revealing promising 

results for cancer therapy (de Melo-Diogo et al., 2017b). This novel therapeutic 

modality takes advantage from the ability of nanomaterials to passively 

accumulate at the tumor site (Blanco et al., 2015). Subsequently, this zone is 

exposed to near infrared (NIR; 750-1000 nm) light, and the tumor homed 

nanomaterials absorb it, generating a temperature increase (photothermal 

therapy) and/or reactive oxygen species (ROS, photodynamic therapy) (Alves et 

al., 2018). Considering that the NIR radiation has minimal/insignificant 

interactions with the biological components (e.g. water, melanin, collagen), the 

phototherapies mediated by NIR responsive nanomaterials can potentially 

perform a spatio-temporal controlled therapy with minimal side effects (de Melo-

Diogo et al., 2017b). 

Despite nanomaterials’ potential for cancer treatment, a recent exhaustive 

literature analysis has disclosed that less than 1 % of the nanoparticles’ injected 

dose reaches the tumor (Wilhelm et al., 2016). Such reality may be explained by 

the fact that nanomaterials’ size has been highly considered as a key parameter 

mediating nanomedicines’ tumor uptake. In fact, nanomaterials can accumulate 

in the tumor zone by extravasating through the leaky tumor vasculature, which 

has fenestrae with variable sizes (200-1200 nm) (de Melo-Diogo et al., 2017b; 

Hobbs et al., 1998). However, new insights into nanomaterials’ biodistribution 

revealed that they can also benefit from the dynamic vents (also termed as 

eruptions) occurring on the tumor vasculature to accomplish tumor accumulation 

(Matsumoto et al., 2016). Based on this new mechanism, researchers have been 

modulating nanomaterials’ surface properties to increase their blood circulation, 

leading to an improved tumor uptake (Matsumoto et al., 2016).

The functionalization of nanomaterials’ surface with poly(ethylene glycol) (PEG) 

is the classic strategy employed to improve their blood circulation time (Otsuka 

et al., 2012; Yan et al., 2019). In fact, PEGylated nanomaterials exhibiting a long 

blood circulation can achieve a high tumor uptake (Liu et al., 2011; Zhou et al., 

2010). However, several studies have demonstrated that systemically 

administered PEGylated nanomaterials can induce immunogenic reactions (Abu 

Lila et al., 2013a; d’Avanzo et al., 2019). In brief, at the time of the first intravenous 
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administration of PEG-nanoparticles, anti-PEG antibodies are formed. These 

anti-PEG antibodies will then mediate the rapid clearance of the PEG-

nanoparticles in subsequent administrations, rendering them ineffective since 

these will not reach the target site (Abu Lila et al., 2013a; d’Avanzo et al., 2019). 

This behaviour is known as the accelerated blood clearance (ABC) phenomenon. 

The magnitude of the ABC phenomenon depends on multiple factors related to 

the nanomaterials’ intrinsic properties (e.g. type of nanomaterial, PEG density, 

PEG molecular weight) and to their administration protocol (e.g. administration 

schedule, dose, route) (Abu Lila et al., 2013a; Abu Lila et al., 2013b; d’Avanzo et 

al., 2019; Shiraishi et al., 2013; Xu et al., 2010). Nevertheless, these findings 

should still motivate the development of other nanomaterials’ functionalization 

strategies. 

To surpass this bottleneck, the use of natural structures, with long blood 

circulation times, to formulate nanomaterials is an attractive approach. Albumin 

based carriers meet this criterion and are also highly biocompatible and easy to 

prepare (An and Zhang, 2017). For instance, the coating of porous silicon 

nanoparticles with albumin increased their blood circulation half-life from about 

29 min to 4.4 h (Xia et al., 2013). Nevertheless, PEG coated nanomaterials can 

still display greater blood circulation times (t1/2 ≈ 22 - 34 h) (Prencipe et al., 2009; 

Sheng et al., 2009). In this way, the modification of albumin-based carriers’ 

surface to display an improved stability could possibly potentiate their blood 

circulation time and hence their tumor uptake (Muro et al., 2010; Shutava et al., 

2018).

In this work, and to the best of our knowledge, sulfobetaine methacrylate (SBMA)-

modified bovine serum albumin (BSA) was synthesized for the first time to 

investigate the capacity of this modification to improve the resulting nanoparticles’ 

physicochemical properties, colloidal stability and in vitro performance. This novel 

polymer was then employed in the formulation of nanoparticles loaded with IR780 

for application in breast cancer phototherapy. SBMA was grafted into albumin 

since it can reduce protein adsorption (Chang et al., 2006; Ladd et al., 2008; Peng 

et al., 2020), and thus may possibly enhance nanomaterials’ stability during 

circulation. For instance, Men et al. verified that poly(SBMA)-based nanogels can 

achieve a longer blood circulation half-life than their PEGylated equivalents, 
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leading to an up to 4.65-fold higher tumor uptake (10.7 % vs. 2.3 % ID/g of tumor) 

(Men et al., 2018). Furthermore, nanomaterials with SBMA brushes are not 

reported to suffer from the ABC phenomenon (Men et al., 2018). As importantly, 

the direct conjugation of SBMA into albumin is a simpler process when compared 

to the polymerization of SBMA on nanomaterials’ surface (Ibrahim et al., 2017; 

Lou et al., 2017). Then, SBMA-g-BSA nanoparticles incorporating a NIR 

responsive small molecule with photothermal and photodynamic capabilities 

(IR780) were prepared (IR/SBMA-BSA NPs) using the nanoprecipitation method 

(Alves et al., 2018; Leitão et al., 2020). The results obtained revealed that 

IR/SBMA-BSA NPs present a suitable size distribution for application in cancer 

therapy with an average size of 96.1 ± 8.1 nm and a spherical morphology. When 

compared to the non-functionalized BSA nanoparticles loaded with IR780 

(IR/BSA NPs), the IR/SBMA-BSA NPs presented a neutral surface charge and 

an increased stability in biologically relevant media. Due to these features, the 

IR/SBMA-BSA NPs could display a 1.9-fold greater uptake by MCF-7 cells than 

IR/BSA NPs. The photothermal capacity of IR/SBMA-BSA NPs was also 

investigated, being verified that the nanostructures generate a temperature 

increase upon interaction with NIR light. In the cell culture studies, the IR/SBMA-

BSA NPs were cytocompatible towards normal cell lines. However, these induced 

a dose- and time-dependent cytotoxic effect on breast cancer cells. IR/SBMA-

BSA NPs therapeutic capacity was further increased when the cells were 

exposed to NIR radiation. 

2. Materials and Methods

2.1. Materials

IR780 iodide, resazurin, DL-Dithiothreitol (DTT), Dulbecco ’s Modified Eagle ’s 

Medium F12 (DMEM-F12), [2-(methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl)ammonium hydroxide (SBMA), and trypsin were acquired from 

Sigma-Aldrich (Sintra, Portugal). Bovine Serum Albumin was obtained from 

Amresco (Pennsylvania, EUA). Acetone, Triton X-100, and methanol were 

bought from Fisher Scientific (Oeiras, Portugal). Michigan Cancer Foundation-7 

(MCF-7) cell line was acquired from ATCC (Middlesex, UK) and Normal Human 

Dermal Fibroblast (NHDF) from Promocell (Heidelberg, Germany). Cell culture 
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plates and T-flasks were purchased from Thermo Fisher Scientific (Porto, 

Portugal). Fetal Bovine Serum (FBS) was obtained from Biochrom AG (Berlin, 

Germany). Water used in all experiments was double deionized (0.22 µm filtered, 

18.2 M Ω cm).

2.2. Methods

2.2.1. SBMA-g-BSA synthesis and characterization

The synthesis of SBMA-g-BSA was performed through a Michael addition by 

adapting the protocol previously described by Venault and co-workers (Venault 

et al., 2014). In brief, BSA (250 mg) and SBMA (194 mg) were dissolved in water 

(a molar excess of SBMA to the primary amine and thiol groups of BSA was 

used). Afterwards, the pH of the solution was adjusted to 12 using NaOH (1 M) 

and the solution was left to stir at 37 °C for 24 h. Then, this solution was dialyzed 

(14 kDa molecular weight cut-off) against water for 2 days and the recovered 

solution was freeze-dried (ScanVac CoolSafe, LaboGene ApS, Lynge, 

Denmark), yielding SBMA-g-BSA. 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) and by Proton nuclear magnetic 

resonance (1H NMR) using a Brüker Avance III 400 MHz spectrometer (Brüker 

Scientific Inc., NY, USA). For the 1H NMR experiments, SBMA, BSA and SBMA-

g-BSA were analysed at 298 K in 9:1 (v/v) H2O/D2O. MNova software (Mestrelab 

Research, SL, Santiago de Compostela, Spain) was used to process and analyse 

the acquired spectra. 

2.2.2. Formulation of IR/SBMA-BSA NPs

IR780 loaded SBMA-g-BSA nanoparticles (IR/SBMA-BSA NPs) were formulated 

using the nanoprecipitation technique (Alves et al., 2019). Initially, SBMA-g-BSA 

(5 mg) and DTT (386 µg) were added to 5 mL of PBS and then were left to react 

for 20 min under stirring. Afterwards, IR780 (250 μg) in acetone (1 mL) was added 

dropwise to the polymer-DTT solution during 20 min at RT. Then, this solution 

was recovered and dialyzed (14 KDa molecular weight cut-off) against water for 

90 min, yielding IR/SBMA-BSA NPs. As a control, IR780 loaded BSA 
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nanoparticles (IR/BSA NPs) were also prepared using the above described 

method but using BSA instead of SBMA-g-BSA.

2.2.3. Physicochemical characterization of IR/SBMA-BSA NPs

The size distribution of the produced NPs was determined by Dynamic Light 

Scattering (DLS) using a ZetaSizer NanoZS (Malvern Instruments Ltd., 

Worcestershire, UK) at 25 °C. Furthermore, the variation of nanoparticles’ size 

overtime when dispersed in PBS (pH 7.4; 10 mM of Na2HPO4) and cell culture 

medium (DMEM-F12 supplemented with 0, 10 and 20 % (v/v) of FBS) was also 

analysed. The zeta potential of the nanoformulations in water, PBS (pH 7.4) at 5 

and 10 mM (of Na2HPO4) and DMEM-F12 medium with 0, 10 and 20 % (v/v) of 

FBS was also determined using the ZetaSizer. To evaluate the morphology of the 

nanoparticles, these were stained with phosphotungstic acid (2 % (w/v)) before 

being analysed in a Hitachi-HT7700 transmission electron microscope (TEM, 

Hitachi Ltd., Tokyo, Japan), operated at an accelerating voltage of 100 kV. 

Samples’ UV-Vis-NIR absorption spectrum was acquired by using an Evolution 

201 spectrophotometer (Thermo Scientific Inc.). For this purpose, IR/SBMA-BSA 

NPs dispersed in water, PBS (pH 7.4; 10 mM of Na2HPO4) and cell culture 

medium with 10 % of FBS were analysed. The encapsulation efficiency (EE) of 

IR780 in the IR/SBMA-BSA NPs was determined by analysing the samples’ 

absorbance at 780 nm in a water:methanol (1:1 (v/v)) solution, using a method 

previously reported by our group (Alves et al., 2019). The photothermal capacity 

of IR/SBMA-BSA NPs was determined by exposing the nanomaterials to NIR 

radiation (808 nm, 1.7 W cm-2) and recording the temperature variations using a 

thermocouple thermometer (de Melo-Diogo et al., 2017a).

2.2.4. Cytocompatibility of IR/SBMA-BSA NPs

IR/SBMA-BSA NPs cytocompatibility towards MCF-7 cells and NHDF was 

assessed using the resazurin method as we have previously described (Lima-

Sousa et al., 2018). To perform these assays, cells were cultured in DMEM-F12 

medium supplemented with 10 % (v/v) of FBS and 1 % (v/v) of 

streptomycin/gentamycin in a humified incubator (37 °C; 5 % of CO2). To evaluate 
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IR/SBMA-BSA NPs cytocompatibility, MCF-7 cells and NHDF were cultured in 

96-well plates at a density of 1 × 104 cells per well. After 24 h, cells were incubated 

with medium containing different concentrations of IR/SBMA-BSA NPs (0.5 - 5 

µg mL-1 of IR780 equivalents) during 24 and 48 h. Afterwards, cells were 

incubated with fresh medium containing 10 % (v/v) of resazurin during 4 h in the 

dark (37 °C, 5% CO2). Finally, the fluorescence of resorufin was quantified to 

assess cells’ viability by using excitation and emission wavelengths of 560 and 

590 nm, respectively, using a Spectramax Gemini EM spectrofluorometer 

(Molecular Devices LLC, California, USA). Non treated cells were used as the 

negative control (K-) while cells treated with ethanol 70 % were used as the 

positive control (K+).

2.2.5. Uptake of IR/SBMA-BSA NPs by MCF-7 cells

The uptake of IR/SBMA-BSA NPs by MCF-7 cells was determined as previously 

described by our group (Reis et al., 2019). In brief, MCF-7 cells (1 × 104 cells/well) 

were seeded in 96-well plates, and after 24 h, cells were incubated with fresh 

medium (DMEM-F12 supplemented with 0, 10 or 20 % (v/v) of FBS) containing 

IR/SBMA-BSA NPs or IR/BSA NPs at a concentration of 1 µg mL-1 (of IR780 

equivalents) during 4 h. Then, cells were washed with ice-cold Krebs Ringer 

Buffer in order to remove the non-internalized nanoparticles. Subsequently, cells 

were incubated with a lysis solution (1 % (v/v) of Triton X-100 in Krebs Buffer) 

under orbital stirring for 30 min. Finally, the IR780 fluorescence in the cell lysate 

was quantified in a spectrofluorometer using excitation and emission 

wavelengths of 780 and 800 nm, respectively. The control was performed with 

cells only incubated with Krebs Buffer.

2.2.6. Phototherapeutic effect mediated by IR780/SBMA-BSA NPs

The phototherapeutic effect mediated by IR/SBMA-BSA NPs was determined as 

we previously described (Lima-Sousa et al., 2018). In brief, MCF-7 cells were 

seeded in 96-well plates at a density of 1 x 104 cells per well. After 24 h, the 

medium was replaced by fresh medium containing different concentrations of 

IR/SBMA-BSA NPs (1, 2 and 5 µg mL-1 of IR780 equivalents). After 4 h, the cells 
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were irradiated with NIR light (808 nm, 1.7 W cm-2) for 5 min. After 24 h of 

incubation, the medium was replaced by fresh medium containing resazurin (10 

% (v/v)) and the cells’ viability was determined as described above. 

2.2.7. Statistical analysis

The statistical analysis of two groups was performed using the unpaired t-student 

test. Multiple groups comparison was performed by one-way analysis of variance 

(ANOVA) with the Student-Newman-Keuls test. A p-value <0.05 was considered 

statistically significant. All data are represented as the mean ± standard deviation 

(S.D.). Data analysis was performed in GraphPad Prism v6.0 (Trial version, 

GraphPad Software, CA, USA). 

3. Results and Discussion

3.1. Synthesis and characterization of SBMA-g-BSA 

The synthesis of SBMA-g-BSA was performed by a simple method (Figure 1(A)). 

The FTIR spectrum of SBMA showed its S=O stretch (at 1036 and 1235 cm-1) 

and C=O stretch (at 1715 cm-1) characteristic peaks (Figure 1(B)). In turn, the 

FTIR spectrum of BSA displayed several peaks belonging to O-H, C-H and C=O 

vibrations (Figure 1(B)). In the FTIR spectrum of SBMA-g-BSA, the characteristic 

peaks of the BSA functional groups are present as well as the S=O stretch peaks 

of SBMA (Figure 1(B) and (C)). Furthermore, the 1H NMR spectrum of SBMA 

displays a peak at δ ≈ 3.22 ppm corresponding to the -N(CH3)2- methyl protons - 

Figure 1(D). Furthermore, peaks at δ ≈ 3.58 ppm and δ ≈ 2.98 ppm belonging to 

the -CH2N(CH3)2- and -CH2SO3 methylene protons are also present (Zou et al., 

2020). In turn, the 1H NMR spectrum of SBMA-g-BSA presents the characteristic 

methyl and methylene protons of SBMA (δ ≈ 3.22; 3.58 and 2.98 ppm Figure 

1(F)) as well as those belonging to BSA (Figure 1(E); (Spence et al., 2011)). 

Considering that non-grafted SBMA is removed through dialysis, these results 

confirm the successful synthesis of SBMA-g-BSA.

3.2. Formulation and characterization of IR/SBMA-BSA and IR/BSA NPs



11

In order to improve the natural carrier properties of BSA, this protein was modified 

with SBMA yielding SBMA-g-BSA. Then, a simple nanoprecipitation method was 

used to produce IR780 loaded SBMA-g-BSA nanoparticles (IR/SBMA-BSA NPs) 

due to its simplicity and reproducibility (Figure 2(A)) (Pais-Silva et al., 2017). The 

DLS analysis revealed that IR/SBMA-BSA NPs have an average size of 96.1 ± 

8.1 nm and a low PDI of 0.181 (Figure 2(B); n = 3, batch triplicates). As control, 

IR780 loaded BSA nanoparticles (IR/BSA NPs) were also prepared, displaying a 

similar size to that of IR/SBMA-BSA NPs (Figure S1(A)). Such indicates that the 

SBMA modification does not compromise the nanoparticle-forming capacity of 

BSA. Furthermore, the size of IR/SBMA-BSA NPs is also in agreement with that 

previously reported for other BSA-based nanoparticles (Bae et al., 2012; Kim et 

al., 2016) and it is within the range considered to be optimal for tumor 

accumulation (de Melo-Diogo et al., 2017b). TEM analysis (Figure 2(C)) revealed 

that IR/SBMA-BSA NPs display a spherical shape, a feature that was also 

observed in other IR780 loaded nanostructures prepared by the nanoprecipitation 

method (Alves et al., 2019; Lu et al., 2019; Pais-Silva et al., 2017). As importantly, 

spherical shaped nanomedicines have been associated to an increased uptake 

by cancer cells (Chithrani, 2010; Zhang et al., 2008). 

The zeta potential of IR/SBMA-BSA NPs was determined to be -9.6 ± 0.3 mV, 

while that of IR/BSA NPs was -12.3 ± 0.4 mV (in PBS 10 mM pH 7.4; n = 3, batch 

triplicates) – Table 1. The solutions’ ionic strength can also influence 

nanoparticles’ zeta potential (Nikam et al., 2014). In this way, the zeta potential 

of IR/SBMA-BSA NPs and IR/BSA NPs in different media was also determined 

(Table 1). As expected, in biologically relevant media, the IR/SBMA-BSA NPs 

presented a more neutral surface charge when compared to those displayed by 

IR/BSA NPs (Table 1). The difference in the surface charge of IR/SBMA-BSA 

NPs can be justified by the SBMA grafting into BSA since SBMA coatings are 

neutrally charged (Chen et al., 2014; Venault et al., 2014). As importantly, the 

zeta potentials of IR/SBMA-BSA NPs are within the so-called neutral charge 

range (-10 to +10 mV), which has been described as optimal in the literature (de 

Melo-Diogo et al., 2017b).

IR/SBMA-BSA NPs had an IR780 encapsulation efficiency of 50.7 ± 3.3 %. The 

encapsulation of IR780 in other polymer-based nanoparticles and micelles also 
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yielded similar results (Alves et al., 2019; Jiang et al., 2015). Moreover, the 

loading of IR780 into the IR/SBMA-BSA NPs enhanced the water solubility of this 

NIR dye by 63-fold (from 0.4 to 25.35 µg mL-1) (Jiang et al., 2015). In this way, 

the loading of IR780 into the IR/SBMA-BSA NPs addresses the low water 

solubility of IR780, which is a major drawback of this NIR dye.

Lastly, the stability of the IR/SBMA-BSA NPs overtime in PBS (10 mM pH 7.4; 

Figure 3(A)) and cell culture medium (DMEM-F12 supplemented with 0, 10 or 20 

% (v/v) of FBS) was assessed (Figure 3(B) to (D)). Overall, IR/SBMA-BSA NPs 

maintained their size distribution overtime when incubated in all the solutions 

while the size of IR/BSA NPs could suffer stark variations. The size of IR/BSA 

NPs augmented by 14 % when these were dispersed in PBS (Figure 3(A)). On 

the other hand, when IR/BSA NPs were dispersed in cell culture medium without 

FBS, their size remained unaffected (Figure 3(B)). However, IR/BSA NPs 

dispersed in culture medium with 10 or 20 % of FBS suffered an increase in their 

size by up to 4-fold (Figure 3(C) and (D)). Such behaviour indicates that IR/BSA 

NPs may have a weaker stability and that interact with the proteins present on 

the culture medium. In fact, SBMA coatings can reduce protein adsorption, 

leading to an improvement in nanomaterials’ stability during blood circulation 

(Dong et al., 2011; Men et al., 2018). In this way, the grafting of SBMA into BSA 

enabled the assembly of IR/SBMA-BSA NPs that display an improved stability.

3.3. NIR absorption and phototherapeutic capacity of IR/SBMA-BSA NPs

The ability of IR/SBMA-BSA NPs to interact with NIR light was then assessed by 

evaluating their NIR absorption (Figure 4(A)). As expected, free IR780 (dissolved 

in methanol) presented an absorption peak at 780 nm. The IR/SBMA-BSA NPs 

had their maximum NIR absorption at 792 nm (Figure 4(A)). This red-shift in 

IR780 absorption when encapsulated in SBMA-BSA NPs occurs due to the 

hydrophobic interactions established between the NIR dye and the aromatic 

moieties of the nanocarriers or due to alterations in solvents polarity (Pais-Silva 

et al., 2017). Due to this red shift, the IR/SBMA-BSA NPs absorbance at 808 nm 

is 1.04-times higher than that of free IR780 (at the same concentration of IR780 

equivalents). This is of extreme importance since 808 nm laser light is generally 

used in cancer phototherapy (Kirui et al., 2010; Liu et al., 2017; Yuan et al., 2015). 
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As expected, the UV-Vis-NIR spectrum of IR/BSA NPs was similar to that of 

IR/SBMA-BSA NPs (Figure S1(B)), indicating that the SBMA-functionalization 

does not compromise the ability of these formulations to interact with NIR light.

Furthermore, the IR/SBMA-BSA NPs retained their NIR absorption overtime, 

even when dispersed in PBS (Figure 4(B)) or in DMEM-F12 supplement with 10 

% of FBS (Figure 4(C)). Considering that free IR780 in aqueous solutions loses 

its optical properties overtime (Wang et al., 2016), the loading of IR780 into 

IR/SBMA-BSA NPs can enhance its optical stability.

To confirm their photothermal capacity, IR/SBMA-BSA NPs were irradiated with 

808 nm laser light (808 nm, 1.7 W cm-2) and the temperature variations were 

recorded (Figure 4(D)). Overall, IR/SBMA-BSA NPs produced a concentration- 

and time-dependent temperature increase when exposed to NIR light. At the 

maximum concentration tested (20 µg mL-1 of IR780 equivalents), the IR/SBMA-

BSA NPs induced a temperature increase of about 13 °C after 2 min of irradiation, 

decreasing slightly afterwards. This phenomenon is attributed to the 

photodegradation of IR780, which has been extensively reported elsewhere (Guo 

et al., 2016; Wang et al., 2016). Still, the temperature variation achieved is 

sufficiently high to damage cancer cells (de Melo-Diogo et al., 2018; de Melo-

Diogo et al., 2017b). As importantly, water exposed to NIR light (control) did not 

suffer a meaningful temperature variation (ΔT < 1.8 °C). Such is in agreement 

with the low interaction of 808 nm with water and suggests the ability of IR/SBMA-

BSA NPs to produce a therapeutic effect with high spatio-temporal resolution. 

For instance, Lu et al. prepared IR780 loaded PEGylated zwitterionic 

nanoparticles that could produce a temperature increase of 10.8 °C after 2 min 

of irradiation (808 nm, 1.0 W cm-2) at an IR780 concentration of 26.7 µg mL-1 (Lu 

et al., 2019). Herein, the IR/SBMA-BSA NPs generated a photoinduced heat of 

13.2 °C after 2 min of irradiation (808 nm, 1.7 W cm-2) using 20 µg mL-1 of IR780. 

Together, these results suggest that IR/SBMA-BSA NPs are also promising 

photothermal agents. 

3.4. Cytocompatibility of IR/SBMA-BSA NPs
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Before determining the phototherapeutic capacity of IR/SBMA-BSA NPs, their 

cytocompatibility towards breast cancer (MCF-7) and healthy human (NHDF) 

cells was assessed (Figure 5(A) and (B)). The IR/SBMA-BSA NPs did not induce 

cytotoxicity towards NHDF after an incubation period of 24 and 48 h, and up to a 

concentration of 5 µg mL-1 (of IR780 equivalents). In turn, IR/SBMA-BSA NPs 

produced a dose- and incubation time-dependent cytotoxicity on MCF-7 cells. 

Such effect may be related to the fact that IR780 predominantly accumulates in 

the mitochondria of MCF-7 cells and other types of cancer cells when compared 

to normal cells, thereby inducing a cytotoxic effect (Wang et al., 2014; Zhang et 

al., 2010). Pais-Silva and Jiang also reported a dose dependent cytotoxicity of 

IR780-loaded nanostructures towards MCF-7 cells (Jiang et al., 2015; Pais-Silva 

et al., 2017).

3.5. Uptake of IR/SBMA-BSA NPs by MCF-7 cells and phototherapeutic 
capacity

Then, the uptake of IR/SBMA-BSA NPs by MCF-7 cells was investigated (Figure 

6(A) to (C); (Moreira et al., 2018; Reis et al., 2019)). For this analysis, IR/SBMA-

BSA NPs and IR/BSA NPs were incubated using cell culture medium with 0, 10 

or 20 % (v/v) of FBS. 

When incubated in culture medium without FBS, the IR/SBMA-BSA NPs and 

IR/BSA NPs presented a similar internalization in MCF-7 cells (Figure 6(A)). In 

contrast, the uptake studies using culture medium with 10 % of FBS revealed that 

IR/SBMA-BSA NPs achieve a 1.58 ± 0.32-fold higher internalization in MCF-7 

cells when compared to IR/BSA NPs (Figure 6(B)). This differential uptake was 

even more accentuated when the nanoformulations were incubated using culture 

medium with 20 % of FBS (Figure 6(C)). In this case, the uptake of IR/SBMA-

BSA NPs by cancer cells was 1.89 ± 0.02-fold higher than that of IR/BSA NPs 

(Figure 6(C)). 

In general, neutral- and positively- charged nanomaterials can achieve a higher 

cellular internalization as a result of interactions with the negatively charged 

components of cells’ membrane (de Melo-Diogo et al., 2017b). In this way, the 

improved uptake of IR/SBMA-BSA NPs by MCF-7 cells can be explained by the 
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neutral surface charge of this formulation in the different media (as analysed in 

section 3.2.). The enhanced colloidal stability of IR/SBMA-BSA NPs can also 

contribute for their improved uptake (as analysed in section 3.2.). In fact, in 

culture medium supplemented with FBS, the IR/BSA NPs not only presented a 

negative surface charge (Table 1) but also suffered an up to 4-fold increase in 

their size distribution (Figure 3), which may contribute for their lower cellular 

uptake. 

Finally, the phototherapeutic capacity of IR/SBMA-BSA NPs towards MCF-7 cells 

was investigated. At the concentration of 2 µg mL-1 (of IR780 equivalents), the 

non-irradiated IR/SBMA-BSA NPs could decrease MCF-7 cells’ viability to 81 % 

(Figure 6(D)), while the combined action of IR/SBMA-BSA NPs and NIR light (808 

nm, 1.7 W cm-2, 5 min) decreased the cells’ viability to 63 %. In contrast, the 

combination of NIR light and IR/SBMA-BSA NPs, at the concentration of 5 µg mL-

1, generated an improved therapeutic effect by further decreasing MCF-7 cells’ 

viability to about 12 %. In these assays, the sole application of the NIR light did 

not cause cytotoxicity, which is in agreement with the weak interaction of this 

radiation with biological components as well as with our previous reports (Alves 

et al., 2019; de Melo-Diogo et al., 2017a; Moreira et al., 2018; Rodrigues et al., 

2019).

Rajendrakumar et al. prepared IR780 loaded poly(12-(methacryloyloxy)dodecyl 

phosphorylcholine) micelles that, at the concentration of 15 µg mL-1 (of IR780 

equivalents), could reduce cancer cells’ viability to 20 % upon NIR laser 

irradiation (808 nm, 2.0 W cm-2, 5 min) (Rajendrakumar et al., 2018). In our 

previous work, the chemo-phototherapeutic effect mediated by IR780 and DOX 

loaded hyaluronic acid-based micelles reduced MCF-7 cells’ viability to about 20 

% (3.5 µg mL-1 of IR780; 1.93 µg mL-1 of DOX; 808 nm, 1.7 W cm-2, 5 min) (Alves 

et al., 2019). Herein, the phototherapeutic effect (808 nm, 1.7 W cm-2, 5 min) 

induced by IR/SBMA-BSA NPs decreased MCF-7 cells’ viability to 12 % at only 

5 µg mL-1 (of IR780 equivalents). In this way, IR/SBMA-BSA NPs are promising 

agents for breast cancer phototherapy.

4. Conclusion
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In this work, IR780 loaded SBMA functionalized BSA NPs were prepared for the 

first time for application in breast cancer phototherapy. The IR/SBMA-BSA NPs 

presented a spherical morphology with a size of 96.1 ± 8.1 nm. When compared 

to the non-functionalized BSA nanoparticles loaded with IR780 (IR/BSA NPs), the 

IR/SBMA-BSA NPs presented a neutral surface charge in biologically relevant 

media, which was attributed to the SBMA-functionalization. The IR/SBMA-BSA 

NPs also displayed an improved stability when dispersed in PBS and DMEM-F12 

supplemented with FBS, while the IR/BSA NPs suffered an up to 4-fold increase 

in their size. Due to their neutral surface charge and improved colloidal stability, 

the IR/SBMA-BSA NPs could achieve a 1.9-fold higher uptake by MCF-7 cells 

when compared to IR/BSA NPs. Furthermore, the IR/SBMA-BSA NPs were 

cytocompatible towards NHDF, while they were able to reduce MCF-7 cells’ 

viability up to 42 %, which can be justified by IR780 higher mitochondrial 

accumulation in cancer cells. The combined action of NIR light and IR/SBMA-

BSA NPs could further reduce MCF-7 cells’ viability to about 12 %. Overall, the 

SBMA-functionalized BSA nanoparticles incorporating IR780 have enhanced 

properties for application in breast cancer phototherapy. In the future, SBMA-g-

BSA NPs with different SBMA functionalizations may be prepared in order to 

disclose the optimal SBMA grafting degree. Furthermore, in vivo assays will be 

performed to determine the blood stability, biodistribution and immunogenicity of 

the IR/SBMA-BSA NPs.
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Figure Captions

Fig. 1 – Synthesis and characterization of SBMA-g-BSA. Schematic 

representation of the polymer synthesis (A). FTIR spectra of SBMA, BSA and 

SBMA-g-BSA (B). FTIR spectrum of SBMA-g-BSA in the 1800-600 cm-1 

wavenumber range (C). 1H NMR spectra of SBMA (D), BSA (E) and SBMA-g-

BSA (F).

Fig. 2 – Formulation and characterization of IR/SBMA-BSA NPs. Schematic 

representation of the nanoparticles’ formulation and phototherapeutic application 

(A). DLS size distribution (B) and TEM analysis (C) of IR/SBMA-BSA NPs. Scale 

bar corresponds to 200 nm. 

Fig. 3 – Stability of IR/SBMA-BSA and IR/BSA NPs in different media. Size 

variation of IR/SBMA-BSA and IR/BSA NPs when dispersed in PBS (pH 7.4) at 

10 mM (of Na2HPO4) (A), in DMEM-F12 medium with 0 % (B), 10 % (C), and 20 

% (D) of FBS (v/v). The values of each group were normalized using the 

respective initial size (t = 0 h). Each bar represents mean ± S.D. (n = 3).

Fig. 4 – Evaluation of the photothermal capacity of IR/SBMA-BSA NPs. UV-Vis-

NIR absorption spectra of free IR780 (2.5 µg mL-1; in methanol) and of IR/SBMA-

BSA NPs (at 2.5 µg mL-1 of IR780 equivalents) (A). UV-Vis-NIR absorption 

spectra of IR/SBMA-BSA NPs in PBS (B) and in DMEM-F12 medium 

supplemented with 10 % of FBS (C) after 0 and 24 h of incubation. In vitro 

temperature increase mediated by IR/SBMA-BSA NPs, at different 

concentrations of IR780 equivalents, upon NIR laser irradiation (808 nm, 1.7 W 

cm-2) (D).

Fig. 5 – Cytocompatibility of IR/SBMA-BSA NPs. Cytocompatibility of IR/SBMA-

BSA NPs at different concentrations (of IR780 equivalents) and incubation times 
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(24 and 48 h) towards MCF-7 cells (A) and NHDF (B). K- and K+ were used as 

negative and positive controls, respectively. Each bar represents the mean ± SD 

(n = 5).

Fig. 6 – In vitro biological evaluation of IR/SBMA-BSA NPs. Uptake of IR/SBMA-

BSA NPs and IR/BSA NPs by MCF-7 cells when incubated using DMEM-F12 

medium with 0 % (A), 10 % (B), and 20 % (C) of FBS (v/v). The fluorescence 

values were normalized using the fluorescence values obtained for cells 

incubated with IR/BSA NPs. Evaluation of the therapeutic effect mediated by 

IR/SBMA-BSA NPs, at different concentrations (of IR780 equivalents), upon NIR 

laser irradiation (808 nm, 1.7 W cm-2, 5 min) towards MCF-7 cells (D). K- and K+ 

were used as negative and positive controls, respectively. Each bar represents 

the mean ± SD (n = 5), *p < 0.05.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Table 1 - Zeta potential of IR/SBMA-BSA NPs and IR/BSA NPs in different media.

Solvent IR/SBMA-BSA NPs
zeta potential (mV)

IR/BSA NPs
zeta potential (mV)

Water -18.83 ± 0.61 -24.75 ± 0.49

PBS 5 mM* (pH 7.4) -11.30 ± 0.57 -13.87 ± 0.86

PBS 10 mM* (pH 7.4) -9.60 ± 0.47 -12.33 ± 1.22
Culture medium with 0 % 

of FBS -9.78 ± 0.73 -12.23 ± 1.29

Culture medium with 10 % 
of FBS -9.04 ± 0.94 -11.73 ± 0.99

Culture medium with 20 % 
of FBS -6.34 ± 0.33 -10.17 ± 1.88

*concentration of Na2HPO4
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Highlights

 Novel IR780 loaded SBMA-functionalized BSA NPs (IR/SBMA-BSA NPs) 

were produced

 SBMA-functionalization yielded IR/SBMA-BSA NPs displaying a neutral 

surface charge

 IR/SBMA-BSA NPs displayed an improved stability in biological relevant 

media

 IR/SBMA-BSA NPs achieved a 1.9-fold higher uptake by MCF-7 cells 

 IR/SBMA-BSA NPs interaction with NIR light enhanced the therapeutic 

outcome


