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A B S T R A C T   

Near infrared (NIR) light-responsive nanomaterials hold potential to mediate combinatorial therapies targeting 
several cancer hallmarks. When irradiated, these nanomaterials produce reactive oxygen species (photodynamic 
therapy) and/or a temperature increase (photothermal therapy). These events can damage cancer cells and 
trigger the release of drugs from the nanomaterials’ core. However, engineering nanomaterials for cancer chemo- 
photodynamic/photothermal therapy is a complex process. First, nanomaterials with photothermal capacity are 
synthesized, being then loaded with photosensitizers plus chemotherapeutics, and, finally functionalized with 
polymers for achieving suitable biological properties. To overcome this limitation, in this work, a novel 
straightforward approach to attain NIR light-responsive nanosystems for cancer chemo-photodynamic/ 
photothermal therapy was established. Such was accomplished by synthesizing poly(2-ethyl-2-oxazoline)- 
IR780 amphiphilic conjugates, which can be assembled into nanoparticles with photodynamic/photothermal 
capabilities that simultaneously encapsulate Doxorubicin (DOX/PEtOx-IR NPs). The DOX/PEtOx-IR NPs pre
sented a suitable size and surface charge for cancer-related applications. When irradiated with NIR light, the 
DOX/PEtOx-IR NPs produced singlet oxygen as well as a smaller thermic effect that boosted the release of DOX 
by 1.7-times. In the in vitro studies, the combination of DOX/PEtOx-IR NPs and NIR light could completely ablate 
breast cancer cells (viability ≈ 4 %), demonstrating the enhanced outcome arising from the nanomaterials’ 
chemo-photodynamic/photothermal therapy.   

1. Introduction 

The high complexity and heterogenicity of cancer have propelled the 
investigation of combinatorial approaches to tackle this disease [1]. This 
strategy aims to synergistically act on several cancer hallmarks through 
the use of chemotherapeutic drug combinations (or drugs plus ionizing 
radiation) [2,3]. Such combinations also open a route for an improved 
outcome due to their potential to bypass cancer resistance mechanisms 
and requirement for lower drug doses [2,4,5]. Nevertheless, the non- 
specificity of the enrolled agents is also a concern in this type of ther
apy [4–6]. In fact, the application of combinatorial cocktails in cancer 

therapy is challenging since it requires the management of multiple side- 
effects from the different entities [6]. 

In the last years, researchers and clinicians have been exploring the 
use of nanomaterials for mediating cancer combinatorial therapies. 
Nanomaterials can accommodate multiple agents (e.g., drugs, essential 
oils) on their core/reservoirs, protecting them from degradation during 
circulation [7,8]. As importantly, the nanomaterials’ physicochemical 
features (e.g., size, surface composition) allow them to display an 
enhanced accumulation at the tumor site [9–12]. Such is of paramount 
importance to manage and reduce possible side-effects. 

In this regard, nanomaterials with near infrared (NIR; 750 – 1000 
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nm) light responsiveness are gathering a huge interest for anticancer 
applications owing to their potential for controlling the onset of the 
therapeutic effect [13]. In fact, the ability of these nanostructures to 
interact with NIR light is fundamental given the minimal interactions of 
this radiation with biological components (e.g., water, melanin, hemo
globin), ensuring an appropriate penetration depth [11,14]. Upon 
interaction with NIR light, these nanostructures can produce reactive 
oxygen species (photodynamic therapy (PDT)) and/or a temperature 
increase (photothermal therapy (PTT)) [15]. These events not only 
cause direct damage to cancer cells but also increase cancer cells’ 
sensitivity to chemotherapeutics’ action [11,16]. In this way, combi
natorial strategies based on nanomaterials’ chemo-PDT/PTT hold a 
great potential to improve cancer treatment. 

Despite their potential, engineering nanomaterials aimed for cancer 
chemo-PDT/PTT is a complex process. Generally, these multifunctional 
nanostructures are assembled by first synthesizing nanomaterials with 
photothermal capacity (e.g., graphene derivatives, gold nanorods, Fe3O4 
nanoclusters), which are subsequently loaded in their core/reservoirs 
with photosensitizers (e.g., IR825, chlorin e6, RLP068) and chemo
therapeutic drugs [17–21]. Subsequently, these nanostructures must be 
coated with hydrophilic non-fouling polymers (e.g., poly(ethylene gly
col) (PEG)) to increase their solubility and colloidal stability [22]. 
Importantly, this type of coating can also enhance the nanostructures’ 
blood circulation time, which in turn increases their likelihood to 
accumulate in the tumor zone [23]. Therefore, these complex synthesis, 
assembly and functionalization processes hinder the scale-up and 
translation of the nanomaterials aimed for cancer chemo-PDT/PTT. 

In this work, a novel and straightforward approach to attain a NIR 
light-responsive nanosystems for cancer chemo-PDT/PTT was estab
lished. Such was achieved by initially preparing a poly(2-ethyl-2- 
oxazoline)-IR780 conjugate (PEtOx-IR). This amphiphilic polymer con
tains IR780, a NIR light absorbing heptamethine cyanine with photo
dynamic and photothermal capabilities [4,24,25]. To produce the 
PEtOx-IR conjugate, the IR780′ cyclohexenyl ring was conjugated with 
the thiol-terminated poly(2-ethyl-2-oxazoline). This step not only aims 
to address the IR780′ weak water solubility and poor cytocompatibility 
but can also improve its biodistribution [22,26]. In fact, the coating of 
nanomaterials with poly(2-ethyl-2-oxazoline) can promote the nano
structures’ tumor accumulation by prolonging their blood circulation 
time [27–29]. Poly(2-ethyl-2-oxazoline) has been deemed as a PEG 
alternative, which is important considering some immunogenicity cases 
reported for the latter [30]. 

Then, the synthesized amphiphilic PEtOx-IR conjugate was 
employed to prepare nanoparticles containing Doxorubicin through the 
nanoprecipitation technique (termed as DOX/PEtOx-IR NPs). To the best 
of our knowledge, the simple combination of PEtOx-IR and DOX for the 
preparation of nanomaterials aimed for cancer chemo-PDT/PTT has not 
yet been explored. The physicochemical, optical and in vitro biological 
properties of the produced nanoparticles were characterized to evaluate 
their suitability for cancer therapy. 

2. Materials and methods 

2.1. Materials 

Doxorubicin (DOX) was acquired from Carbosynth (Berkshire, UK). 
IR780 Iodide, Poly(2-ethyl-2-oxazoline) α-benzyl ω-thiol terminated 
(PEtOx-SH; Mn = 10000 Da), Trypsin, Resazurin, Paraformaldehyde, 
and Dulbecco’s Modified Eagle’s Medium F-12 (DMEM-F12) were 
bought from Sigma-Aldrich (Sintra, Portugal). Acetone, Chloroform and 
Methanol were attained from Fisher Scientific (Oeiras, Portugal). Trie
thylamine and Hoechst 33342® were acquired from TCI (Oxford, UK) 
and Invitrogen (Massachusetts, USA), respectively. T-flasks, Cell Culture 
Plates, Calcein-AM, and Propidium Iodide (PI) were obtained from 
Thermo Fisher Scientific (Porto, Portugal). Normal Human Dermal 
Fibroblast (NHDF) and Michigan Cancer Foundation-7 (MCF-7) cell 

lines were obtained from Promocell (Heidelberg, Germany) and ATCC 
(Middlesex, UK), respectively. Fetal Bovine Serum (FBS) was purchased 
from Biochrom AG (Berlin, Germany). Singlet Oxygen Sensor Green 
(SOSG) was acquired from Thermo Fisher Scientific (Porto, Portugal). 
Cell Imaging Plates were bought from Ibidi GmbH (Munich, Germany). 
Double Deionized water (0.22 µm filtered, 18.2 M Ω cm) was used in all 
the assays. 

2.2. Methods 

2.2.1. Synthesis and Characterization of PEtOx-IR conjugate 
The PEtOx-IR conjugate was synthesized by adapting previously 

published protocols [31,32]. In brief, PEtOx-SH (42 mg) was dissolved 
in chloroform (50 mL), followed by the addition of triethylamine (50 µL) 
and IR780 (64 mg). In this process, the PEtOx-SH was reacted with a 
molar excess of IR780 for 48 h at room temperature under stirring. 
Subsequently, the solvent was evaporated (Rotavap® R-215, Büchi, 
Switzerland) and the resulting product was resuspended in methanol. 
Afterwards, to remove the non-conjugated IR780, a dialysis against 
methanol was conducted (1 kDa molecular weight cut-off membrane) 
for 24 h at room temperature, culminating in the obtention of the PEtOx- 
IR conjugate. Fourier Transform Infrared Spectroscopy (FTIR; Nicolet 
iS10 spectrometer, Thermo Scientific Inc., MA, USA) was used to 
confirm the successful synthesis of PEtOx-IR conjugate. 

2.2.2. Formulation and Characterization of DOX/PEtOx-IR NPs and 
PEtOx-IR NPs 

The production of DOX/PEtOx-IR NPs was based on the nano
precipitation technique previously reported by our group [33]. Initially, 
DOX (0.133 mg) and PEtOx-IR conjugate (0.653 mg) dissolved in 
methanol:acetone (2:3 (v/v); 1 mL) were added dropwise (0.3 mL h− 1) 
into Phosphate Buffered Saline (PBS; 5 mL) with uninterrupted stirring 
(200 rpm), at room temperature. After this step, the solution was dia
lyzed against water (0.5 – 1 kDa molecular weight cut-off membrane) 
during 90 min. Then, the recovered solution was centrifuged (17 460 g, 
1 min), being the supernatant collected which contained the DOX/ 
PEtOx-IR NPs. For the formulation of PEtOx-IR NPs, the same proced
ure was used without the addition of DOX. 

The size distribution (in water) and the surface charge (in DMEM- 
F12 medium supplemented with 10 % (v/v) FBS) of DOX/PEtOx-IR 
NPs and PEtOx-IR NPs were evaluated by Dynamic Light Scattering 
(DLS) in a Zetasizer Nano ZS (Malvern Instruments ltd., Worcestershire, 
UK). Absorption spectroscopy (Evolution 201 spectrophotometer, 
Thermo Scientific Inc.) was used to determine the Encapsulation Effi
ciency of DOX in DOX/PEtOx-IR NPs. For such, the DOX/PEtOx-IR NPs 
were freeze-dried (in a ScanVac CoolSafe, LaboGene ApS, Lynge, 
Denmark) and resuspended in water:methanol (1:1 (v/v)). Then, the 
concentration of DOX was determined by verifying the samples’ ab
sorption at 498 nm and by using a standard curve of DOX (in water: 
methanol (1:1 (v/v), at 498 nm; the PEtOx-IR conjugate does not have 
absorbance at this wavelength in this solvent mixture)). Subsequently, 
the Encapsulation Efficiency was calculated using the following equa
tion (1): 

Encapsulation Efficiency(%) =
DOX weight incorpored in the nanoparticles

DOX weight initially fed
× 100

(1) 

Absorption spectroscopy was also employed to assess the ability of 
DOX/PEtOx-IR NPs and PEtOx-IR NPs to interact with NIR light. In this 
case, the absorption spectra of DOX/PEtOx-IR NPs and PEtOx-IR NPs 
(2.5 µg mL− 1 of PEtOx-IR equivalents) in water were acquired. 
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2.2.3. Photodynamic and photothermal effect of DOX/PEtOx-IR NPs and 
PEtOx-IR NPs 

The photodynamic and photothermal capabilities of the nano
formulations were characterized according to literature protocols 
[33–35]. To evaluate the photodynamic effect of DOX/PEtOx-IR NPs 
and PEtOx-IR NPs, the nanoformulations (at 2.5 and 12.5 µg mL− 1 of 
PEtOx-IR) were mixed with SOSG (20 µL at 50 µM) and then were 
irradiated with NIR light (808 nm, 1.7 W cm− 2) during 5 min [34]. Then, 
the fluorescence of oxidized SOSG (λex = 504 nm; λem = 530 nm) was 
measured in a spectrofluorometer (Spectramax Gemini EM spectroflu
orometer, Molecular Devices LLC, CA, USA). Water (without nano
particles) mixed with SOSG and exposed to NIR light was used as the 
control. For each condition, the blank was performed using the respec
tive non-irradiated samples containing SOSG. The presence of DOX in 
DOX/PEtOx-IR NPs did not influence the fluorescence levels determined 
for oxidized SOSG. 

On the other hand, to verify the photothermal capacity of DOX/ 
PEtOx-IR NPs and PEtOx-IR NPs, these nanoformulations (at 2.5 and 
12.5 µg mL− 1 of PEtOx-IR equivalents) were exposed to NIR laser irra
diation (808 nm, 1.7 W cm− 2) during 5 min [36]. The temperature 
variations were measured by using a thermocouple thermometer. In this 
assay, the temperature variation of irradiated water (without nano
materials) was used as the control. 

The procedure to evaluate the release of DOX from DOX/PEtOx-IR 
NPs was conducted as previously described by us [36]. For such, 
DOX/PEtOx-IR NPs in PBS (pH 7.4) were inserted in a membrane (0.5 – 
1 kDa molecular weight cut-off) and dialyzed against PBS (pH 7.4) at 
37 ◦C under constant stirring. At predetermined time points, samples 
were collected and analyzed by absorption spectroscopy to determine 
the DOX release. DOX/PEtOx-IR NPs were also exposed to NIR light at 4 
h (808 nm, 1.7 W cm− 2, 5 min) to verify the influence of laser irradiation 
on DOX release. 

2.2.4. Cytocompatibility evaluation of PEtOx-IR NPs 
The cytocompatibility of PEtOx-IR NPs was evaluated in NHDF 

(normal cell line) and MCF-7 cells (breast cancer cell line) using the 
resazurin assay [37]. Initially, both cell lines (NHDF and MCF-7) were 
seeded (1 × 104 cells/well) in 96-well plates with DMEM-F12 medium 
supplemented with 10 % (v/v) FBS and 1 % (v/v) streptomycin/gen
tamycin, and, then placed in a humidified incubator (37 ◦C, 5 % CO2). 
After 24 h, the medium was removed, and cells were incubated with 
PEtOx-IR NPs (at 1.25 and 2.5 µg mL− 1 of PEtOx-IR equivalents) in fresh 
culture medium for 24 h or 48 h. Afterwards, the PEtOx-IR NPs were 
removed and resazurin in fresh culture medium (10 % (v/v)) was added 
to the cells, followed by 4 h of incubation in the dark (37 ◦C, 5 % CO2). 
To verify the cells’ viability, the resorufin fluorescence was measured in 
a spectrofluorometer (λex = 560 nm; λem = 590 nm). Negative (K-) and 
positive (K+) controls were also performed using cells incubated only 
with fresh culture medium and with ethanol (70 % (v/v)), respectively. 

2.2.5. Phototherapeutic effect of PEtOx-IR NPs and DOX/PEtOx-IR NPs 
towards MCF-7 cells 

The phototherapeutic effect prompted by DOX/PEtOx-IR NPs and 
PEtOx-IR NPs towards breast cancer cells was evaluated through the 
resazurin assay [38,39]. Firstly, MCF-7 cells were seeded as indicated in 
Section 2.2.4. After one day, the medium was removed, and cells were 
incubated with DOX/PEtOx-IR NPs (at 1.88/1.25 and 3.76/2.5 µg mL− 1 

of DOX/PEtOx-IR conjugate equivalents) or PEtOx-IR NPs (at 1.25 and 
2.5 µg mL− 1 of PEtOx-IR conjugate equivalents) in fresh culture me
dium. After 4 h of incubation, the cells were irradiated with NIR light 
(808 nm, 1.7 W cm− 2, 5 min). After completing 24 h of incubation with 
the nanoformulations, the MCF-7 cells’ viability was evaluated as 
mentioned in Section 2.2.4. 

Confocal Laser Scanning Microscopy (CLSM; Zeiss LSM confocal 
microscope, Carl Zeiss AG, Oberkochen, Germany) was also used to 
visualize the phototherapeutic effect of both nanoformulations [36]. For 

such, MCF-7 cells were seeded (1.5 × 104 cells/well) in µ-slide 8-well 
imaging plates (Ibidi GmbH, Munich, Germany). After 48 h, MCF-7 
cells were incubated with fresh medium containing DOX/PEtOx-IR 
NPs (3.76/2.5 µg mL− 1 of DOX/PEtOx-IR conjugate equivalents) and 
PEtOx-IR NPs (2.5 µg mL− 1 of PEtOx-IR conjugate equivalents). After 4 h 
of incubation, cells were irradiated with NIR light (808 nm, 1.7 W cm− 2, 
5 min). Succeeding that, the medium was removed, and cells were 
stained with Calcein-AM/PI to label live/dead cells, according to the 
manufacturer’s protocol. A λex/λem of 488/493–556 nm and 561/ 
566–719 were used to visualize Calcein-AM and PI, respectively. MCF-7 
cells just incubated with culture medium (without nanomaterials/NIR 
light) were used as the control for live cells. 

2.2.6. Cellular uptake of DOX mediated by DOX/PEtOx-IR NPs 
The cellular uptake of DOX mediated by DOX/PEtOx-IR NPs was 

assessed as previously described by our group [40]. In brief, MCF-7 cells 
were seeded and incubated with DOX/PEtOx-IR NPs (1.50/1 µg mL− 1 of 
DOX/PEtOx-IR conjugate equivalents) as described in Section 2.2.4. 
MCF-7 cells were also exposed to NIR light (at 4 h post-incubation of the 
nanoparticles; 808 nm, 1.7 W cm− 2, 5 min). At specific time points (1, 6 
and 24 h post-incubation of the nanoparticles), cells were washed with 
ice-cold Krebs Ringer Buffer for withdrawing the non-internalized DOX/ 
PEtOx-IR NPs. Then, cells were exposed to a solution to cause their lysis 
(incubation with 1 % (v/v) of Triton X-100 in Krebs Buffer for 30 min 
under orbital stirring). By last, the DOX fluorescence (λex/λem of 480/ 
570) was analyzed in a spectrofluorometer. Cells only exposed to Krebs 
Buffer were used as the control. 

CLSM was also employed to evaluate the cellular uptake of DOX 
mediated by DOX/PEtOx-IR NPs. For such, MCF-7 cells were seeded in 
µ-slide 8-well imaging plates as described in Section 2.2.5. Afterwards, 
cells were incubated with fresh culture medium containing DOX/PEtOx- 
IR NPs (0.75/0.5 µg mL− 1 of DOX/PEtOx-IR conjugate equivalents) for 
24 h. At 4 h post-incubation of the nanoparticles, cells were also irra
diated with NIR light (808 nm, 1.7 W cm− 2, 5 min). After the incubation 
periods, the medium was discarded, cells were washed with PBS and 
fixed with paraformaldehyde 4 % (w/v; 15 min, room temperature). 
Then, the cells’ nucleus was stained with Hoechst 33342® (30 min, 
4 ◦C). Fluorescence images were then acquired using a λex/λem of 405/ 
410–499 (Hoechst 33342®) and 488/534–622 (DOX). 

2.2.7. Statistical Analysis 
To compare the different groups, a one-way Analysis of Variance 

(ANOVA) was applied with the Student-Newman-Keuls test. A value of p 
lower than 0.05 (p < 0.05) was considered statistically significant. To 
perform the data analysis, GraphPad Prism v7.0 (Trial version, Graph
Pad Software, CA, USA) was used. 

3. Results and discussion 

3.1. Formulation and Characterization of DOX/PEtOx-IR NPs and 
PEtOx-IR NPs 

Classically, the preparation of nanomaterials aimed for cancer 
chemo-PDT/PTT is a laborious multi-step process, which has impact on 
their scalability and translatability. In order to overcome such problems, 
a PEtOx-IR conjugate was synthesized (its successful production was 
confirmed by FTIR; Fig. S1 and S2). Then, PEtOx-IR conjugate and DOX 
were used to formulate nanoparticles through the nanoprecipitation 
technique (termed as DOX/PEtOx-IR NPs) – Fig. 1A. This two-step 
approach was also applied to produce nanoparticles without DOX for 
comparison purposes (PEtOx-IR NPs). 

After the production of the nanoparticles, their size was character
ized by DLS (Fig. 1B). PEtOx-IR NPs revealed an average size of 196.0 ±
0.5 nm and a polydispersity index (PDI) of 0.178 ± 0.005 (n = 3; batch 
triplicates; Fig. 1B). Despite their average size, the PEtOx-IR NPs dis
played a small population with a size of approximately 5038 nm, 
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indicating that these nanostructures interact with each other or that 
present micro-sized aggregates. Interestingly, through the encapsulation 
of DOX, the nanostructures’ size distribution was greatly improved 
(Fig. 1B). In fact, the DOX/PEtOx-IR NPs presented an average size of 
160.7 ± 3.6 nm and a PDI of 0.125 ± 0.007 (n = 3; batch triplicates; 
Fig. 1B). The DOX/PEtOx-IR NPs showed not only a smaller size but also 
a unique size distribution without aggregates. Such behavior could be 
attributed to greater hydrophobic interactions occurring between IR780 
(present in the PEtOx-IR conjugate) and DOX in the core of DOX/PEtOx- 
IR NPs, which improved the size distribution of this formulation when 
compared to PEtOx-IR NPs (formulation without DOX) [41]. The DOX/ 
PEtOx-IR NPs’ size distribution is also within the range (100 – 200 nm) 
considered to be optimal for passive targeting to the tumor zone through 
the enhanced permeability and retention effect [11]. 

The nanoparticles’ zeta potential was also measured, being − 8.7 ±
1.6 mV and − 9.1 ± 0.3 mV for PEtOx-IR NPs and DOX/PEtOx-IR NPs, 
respectively. In this regard, both formulations presented a surface 
charge within the optimal range for application in cancer therapy (- 10 
mV to + 10 mV), which is consistent with what it has been previously 
reported for PEtOx-coated nanomaterials [42,43]. 

The DOX/PEtOx-IR NPs could also successfully encapsulate DOX 
with an efficiency of about 63 ± 4 %. For instance, Alves et al. and Deng 
et al. produced nanoparticles encapsulating IR780 and DOX that pre
sented a DOX encapsulation efficiency of about 20 % and 14 %, 
respectively [36,44]. The DOX/PEtOx-IR presented a higher DOX 
encapsulation efficiency, further confirming the importance of the hy
drophobic interactions occurring between DOX and the PEtOx-IR con
jugate in the nanoparticles’ properties [36]. 

Then, the NIR absorption of PEtOx-IR NPs and DOX/PEtOx-IR NPs 
(2.5 µg mL− 1 of PEtOx-IR conjugate) was evaluated (Fig. 1C). In this 
regard, PEtOx-IR NPs and DOX/PEtOx-IR NPs presented absorption 
peaks at 791 and 792 nm, respectively (Fig. 1C). As control, the ab
sorption of the PEtOx-IR conjugate (dissolved in water:methanol (1:1 

(v/v))) was also analyzed, revealing a maximum absorption peak at 781 
nm (Fig. 1C). Due to this red-shift in the PEtOx-IR absorption when 
assembled in nanostructures, the PEtOx-IR NPs and DOX/PEtOx-IR NPs 
showed around 2.4-times higher absorption at 808 nm than the PEtOx- 
IR conjugate. This behavior could be correlated with the hydrophobic 
interactions occurring in the nanoparticles’ core and/or with changes in 
the solvents’ polarity [36,41]. The enhanced absorption at 808 nm 
displayed by PEtOx-IR NPs and DOX/PEtOx-IR NPs is of utmost 
importance since 808 nm laser light will be employed in the photody
namic/photothermal experiments, opening a venue for improved 
effects. 

3.2. Photodynamic and photothermal effects of DOX/PEtOx-IR NPs and 
PEtOx-IR NPs and NIR-enhanced DOX release 

After confirming the NIR absorption of PEtOx-IR NPs and DOX/ 
PEtOx-IR NPs, their photodynamic and photothermal capabilities were 
evaluated. Initially, the photodynamic effect mediated by both formu
lations was investigated by using SOSG (Fig. 2A and 2B). For such, the 
PEtOx-IR NPs and DOX/PEtOx-IR NPs with SOSG were irradiated with 
NIR light (808 nm, 1.7 W cm− 2, 5 min), and then the fluorescence of 
oxidized SOSG was evaluated (SOSG becomes oxidized in the presence 
of singlet oxygen, being this change proportional to its fluorescence 
levels). 

In this regard, the fluorescence of oxidized SOSG rose to 211 and 316 
a.u. upon interaction with DOX/PEtOx-IR NPs plus NIR light and PEtOx- 
IR NPs plus NIR light, respectively, both at 2.5 µg mL− 1 (of PEtOx-IR 
conjugate equivalents) - Fig. 2A and 2B. In stark contrast, the fluores
cence levels of oxidized SOSG attained for water exposed to NIR light 
(50 a.u.; control) were about 4.2–6.3 times inferior (Fig. 2A and 2B). A 
greater dose of DOX/PEtOx-IR NPs and PEtOx-IR NPs (12.5 µg mL− 1 of 
PEtOx-IR conjugate equivalents) in conjugation with NIR light could 
further increase the fluorescence of oxidized SOSG to 565 and 774 a.u., 

Fig. 1. Characterization of PEtOx-IR NPs and DOX/PEtOx-IR NPs physicochemical and optical properties. Schematic illustration of DOX/PEtOx-IR NPs application in 
cancer chemo-PDT/PTT (A). DLS size distribution of PEtOx-IR NPs and DOX/PEtOx-IR NPs (B). Absorption spectra of PEtOx-IR conjugate (at 2.5 µg mL− 1, in water: 
methanol (1:1 (v/v))), and of PEtOx-IR NPs and DOX/PEtOx-IR NPs (at 2.5 µg mL− 1 of PEtOx-IR conjugate equivalents, in water) (C). 
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respectively, being 11.3–15.5 times higher than those obtained for water 
plus NIR light (Fig. 2A and 2B). In fact, the ability of IR780-loaded 
nanomaterials to produce singlet oxygen upon NIR laser irradiation 
was previously demonstrated in some works [35,45]. Herein, the PEtOx- 
IR NPs and DOX/PEtOx-IR NPs, which are assembled using a novel 
PEtOx-IR conjugate developed by our group, also showed the ability to 
produce singlet oxygen upon NIR laser exposure, hence confirming their 
photodynamic potential. 

To evaluate the photothermal capacity of PEtOx-IR NPs and DOX/ 
PEtOx-IR NPs, these were irradiated with NIR light (808 nm, 1.7 W 
cm− 2, 5 min) and the temperature variations were monitored (Fig. 2C 
and 2D). For instance, at the lowest concentration tested (2.5 µg mL− 1 of 
PEtOx-IR conjugate equivalents), the PEtOx-IR NPs and DOX/PEtOx-IR 
NPs generated, after 3 min of NIR laser irradiation, maximum temper
ature increases (ΔT) of 2.6 ◦C and 2.5 ◦C, respectively (Fig. 2C and 2D). 
After this time point, the attained photoinduced heat started to decrease. 
This behavior is likely to be correlated with the photodegradation of the 
PEtOx-IR conjugate present on the produced nanostructures since such 
phenomenon has been widely reported for IR780-loaded nanostructures 
[36,46]. On the other hand, water exposed to NIR light suffered a 
temperature increase of 1.2 ◦C and 1.5 ◦C after 3 and 5 min of NIR laser 
irradiation (Fig. 2C and 2D). Analyzing the 5th min of NIR laser expo
sure, the PEtOx-IR NPs and DOX/PEtOx-IR NPs at the dose of 2.5 µg 
mL− 1 (of PEtOx-IR conjugate equivalents) produced a photoinduced 
heat that was just 1.4–1.5 times greater than that attained for the control 
(water plus NIR light). Exposing a higher concentration of DOX/PEtOx- 
IR NPs and PEtOx-IR NPs (12.5 µg mL− 1 of PEtOx-IR conjugate equiv
alents) to 5 min of NIR light led to a final temperature variation of 6.3 

and 6.8 ◦C, respectively, being 4.2–4.5 times higher than that of the 
control (Fig. 2C and 2D). Although the PEtOx-IR NPs and DOX/PEtOx-IR 
NPs could produce a higher photoinduced heat than the control, their 
photothermal capacity was not very high, highlighting that the photo
dynamic pathway is likely the dominant mechanism. 

Nevertheless, we hypothesized that the nanostructures’ photoin
duced heat could still influence the release of DOX from the DOX/PEtOx- 
IR NPs. For such, the cumulative release of DOX from DOX/PEtOx-IR 
NPs was investigated in the absence and presence of NIR light 
(Fig. S4). After the NIR laser exposure (at 4 h), the release of DOX from 
the DOX/PEtOx-IR NPs greatly increased (Fig. S4). For instance, at the 
endpoint of the study, the non-irradiated nanoformulations had a 33 % 
DOX release, while those exposed to NIR light released 55 % of their 
cargo (Fig. S4). In this way, the NIR-laser exposure could increase the 
release of DOX from the DOX/PEtOx-IR NPs by up to 1.7-fold (Fig. S4). 
Altogether, these results confirm the good NIR responsiveness of the 
developed formulations. 

3.3. Cytocompatibility of PEtOx-IR NPs 

In order to verify the cytocompatibility profile of the PEtOx-IR NPs, 
these nanostructures were incubated in NHDF and MCF-7 cells, which 
were used as models of healthy and breast cancer cells, respectively 
(Fig. 3). NHDF exposed to PEtOx-IR NPs for 24 h and 48 h revealed a cell 
viability > 87 %, even at the highest concentration tested (2.5 µg mL− 1 

of PEtOx-IR conjugate equivalents) – Fig. 3A. In turn, MCF-7 cells 
exposed to PEtOx-IR NPs demonstrated a slight reduction on their 
viability over time (Fig. 3B). In this regard, MCF-7 cells remained with a 

Fig. 2. Photodynamic and photothermal effect of PEtOx-IR NPs and DOX/PEtOx-IR NPs (at different concentrations of PEtOx-IR conjugate equivalents). Fluores
cence intensity of oxidized SOSG (λex/λem = 504/530 nm) after interaction with PEtOx-IR NPs (A) and DOX/PEtOx-IR NPs (B) in conjugation with NIR light (808 nm, 
1.7 W cm− 2). Temperature variation mediated by PEtOx-IR NPs (C) and DOX/PEtOx NPs (D) upon exposure to NIR light (808 nm, 1.7 W cm− 2). 
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viability of 79 % after an incubation period of 24 h with this formulation 
(at 2.5 µg mL− 1 of PEtOx-IR conjugate equivalents) - Fig. 3B. An incu
bation period of 48 h decreased slightly the MCF-7 cells’ viability to 
about 70 % (Fig. 3B). This differential effect of PEtOx-IR NPs in NHDF 
and MCF-7 cells can be explained by the IR780 inherent cytotoxicity 
towards cancer cells due to its accumulation in their mitochondria [47]. 
In fact, this behavior has also been observed in other research works that 
used IR780-loaded nanomaterials for cancer therapy [33,48]. Never
theless, the data obtained in NHDF is indicative that PEtOx-IR NPs 
display a good cytocompatibility towards healthy cells. 

3.4. Phototherapeutic effect of DOX/PEtOx-IR NPs and PEtOx-IR NPs 
towards MCF-7 cells 

Finally, the phototherapeutic effect of both nanoparticles was eval
uated in MCF-7 cells. For such, the breast cancer cells were incubated 
with PEtOx-IR NPs and DOX/PEtOx-IR NPs, being after 4 h exposed to 
NIR light (808 nm, 1.7 W cm− 2, 5 min) – Fig. 4A. At the concentration of 
1.25 µg mL− 1 (of PEtOx-IR conjugate equivalents), the PEtOx-IR NPs did 
not affect meaningfully the MCF-7 cells (viability > 83 %), while PEtOx- 
IR NPs combined with NIR light could reduce the cells’ viability to about 
55 % (Fig. 4B). MCF-7 cells incubated with a greater concentration of 
PEtOx-IR NPs (2.5 µg mL− 1 of PEtOx-IR conjugate equivalents) also 
revealed a high viability (> 79 %) - Fig. 4B. However, this dose of PEtOx- 
IR NPs combined with NIR light reduced the MCF-7 cells’ viability to just 
21 % (Fig. 4B). As importantly, the MCF-7 cells only exposed to NIR light 
did not reveal any signs of nefarious effects (viability ≈ 100 %) - Fig. 4B. 
Taken together, these results demonstrate that the on-demand outcome 
achieved by PEtOx-IR NPs combined with NIR light is related to the 
nanostructures’ photodynamic/photothermal capabilities (Fig. 2A and 
2C). 

On the other hand, the DOX/PEtOx-IR NPs reduced the viability of 
the MCF-7 cells to 68 % and 17 % at the concentrations of 1.88/1.25 µg 
mL− 1 and 3.76/2.5 µg mL− 1 of DOX/PEtOx-IR conjugate equivalents, 
respectively (Fig. 4B). Since the PEtOx-IR NPs (without NIR light) barely 
influenced the viability of the breast cancer cells, this therapeutic 
outcome mediated by the DOX/PEtOx-IR NPs (without NIR light) can be 
attributed to the chemotherapeutic action of DOX. Interestingly, the 
combined action of DOX/PEtOx-IR NPs and NIR light could reduce the 
viability of the cancer cells to just 29 %, at an ultra-low dose of 1.88/ 
1.25 µg mL− 1 of DOX/PEtOx-IR conjugate equivalents (Fig. 4B). The 
total ablation of the breast cancer cells (viability ≈ 4 %) was achieved by 
using a higher dose of this nanoformulation (3.76/2.5 µg mL− 1 of DOX/ 

PEtOx-IR conjugate equivalents) combined with NIR light. The superior 
therapeutic efficacy of the DOX/PEtOx-IR NPs plus NIR light regimen 
can be attributed to its multimodal capabilities (chemo-PDT/PTT) as 
well as to its ability to mediate a NIR light-enhanced DOX uptake by 
MCF-7 cells (Fig. S5). In fact, the interaction of DOX/PEtOx-IR NPs with 
NIR light could increase the intracellular levels of DOX by up to 2.3-fold 
(Fig. S5). This NIR-light enhanced DOX uptake (mediated by DOX/ 
PEtOx-IR NPs) was also visualized by CLSM (Fig. S6). 

To confirm the therapeutic efficacy results, the MCF-7 cells exposed 
to the different treatments were also stained with Calcein-AM (labels 
live cells) and PI (labels dead cells), being then imaged by CLSM (Fig. 4C 
and 4D). In concomitance with the cell viability results, only Calcein-AM 
fluorescence signals were detected for breast cancer cells exposed to NIR 
light (Fig. 4D). The majority of the cancer cells incubated with PEtOx-IR 
NPs also displayed fluorescence from Calcein-AM (Fig. 4C). In turn, 
Calcein-AM and PI-stained cancer cells were imaged on the groups 
incubated with DOX/PEtOx-IR NPs and PEtOx-IR NPs plus NIR light 
(Fig. 4C and 4D). In contrast, only PI fluorescence signals were observed 
on the cancer cells exposed to DOX/PEtOx-IR NPs plus NIR light 
(Fig. 4D), which confirms with ablative capacity arising from the 
nanostructures’ chemo-PDT/PTT. 

Xu et al. synthesized gold nanorods (photothermal agent; 20 µg 
mL− 1), that were coated with PEG and loaded with a protoporphyrin IX 
derivative (photodynamic agent; 3.20 µg mL− 1) and DOX (2.10 µg 
mL− 1), that after exposure to 808 nm (1.0 W cm− 2, 5 min) and 635 nm 
(0.5 W cm− 2, 5 min) radiations, could decrease MCF-7 cells viability to 
37 % [49]. Cheng team produced bovine serum albumin nanoparticles 
loaded with DOX (6.5 µg mL− 1) and ICG (photothermal and photody
namic agent; 13 µg mL− 1), that were complexed with AS1411 (targeting 
aptamer) and KALA (cell-penetrating peptide), verifying their capacity 
to decrease cancer cells’ viability to about 20 % after exposure to NIR 
light (808 nm, 1.0 W cm− 2, 4 min) [50]. Wo et al. developed silica- 
coated hollow magnetic nanospheres (photothermal agent; 500 µg 
mL− 1) as well as carboxylated graphene quantum dots (photodynamic 
agent; 200 µg mL− 1), which together with DOX (300 µg mL− 1), were 
loaded into a liposome that could reduce the viability of cancer cells to 
approximately 15 % upon laser exposure (671 nm, 0.2 W cm− 2, 20 min) 
[51]. In this work, the DOX/PEtOx-IR NPs were prepared using a 
straightforward route and their combination with NIR light (3.76/2.5 
µg mL− 1 of DOX/PEtOx-IR conjugate equivalents; 808 nm, 1.7 W cm− 2, 
5 min) could prompt the complete ablation of breast cancer cells, 
highlighting the simplicity and chemo-PDT/PTT potential of this 
nanosystem. 

Fig. 3. Determination of PEtOx-IR NPs cytocompatibility. Viability of NHDF (A) and MCF-7 cells (B) after incubation with PEtOx-IR NPs (at 1.25 and 2.5 µg mL− 1 of 
PEtOx-IR conjugate equivalents) for 24 and 48 h. K+ and K- represent the positive and negative controls, respectively. Each bar represents the mean ± S.D. n = 5 (*p 
< 0.01, **p < 0.001, ***p < 0.0001), n.s. = non-significant. 
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4. Conclusion 

In this work, a novel and straightforward approach to attain NIR 
light-responsive nanosystems for cancer chemo-PDT/PTT was estab
lished. Such was accomplished by preparing PEtOx-IR conjugates, which 
can be assembled into nanoparticles with photodynamic/photothermal 
capabilities that simultaneously encapsulate DOX (DOX/PEtOx-IR NPs). 
The results revealed that the DOX/PEtOx-IR NPs present a suitable size 
(160.7 ± 0.5 nm), dispersity (0.178 ± 0.005) and surface charge (- 9.1 
± 0.3 mV) for cancer-related applications. The DOX/PEtOx-IR NPs could 
also successfully encapsulate DOX with an efficiency of about 63 ± 4 %. 
Compared to the PEtOx-IR conjugate, the DOX/PEtOx-IR NPs showed 
approximately 2.4-fold higher NIR absorption (at 808 nm). Upon 
interaction with this radiation, the DOX/PEtOx-IR NPs produced singlet 
oxygen (PDT) as well as a smaller thermic effect (PTT) that boosted the 
release of DOX by up to 1.7-times. In in vitro studies, the PEtOx-IR NPs 
(formulations without DOX) revealed a good cytocompatibility profile 

towards healthy and breast cancer cells. In turn, when the cancer cells 
were exposed to PEtOx-IR NPs plus NIR light (nanomaterials’ PDT-PTT) 
and DOX/PEtOx-IR NPs (nanomaterials’ chemotherapy), their viability 
decreased to 21 and 17 %, respectively. In contrast, the combination of 
DOX/PEtOx-IR NPs and NIR light led to the complete ablation of the 
breast cancer cells (viability ≈ 4 %), demonstrating the enhanced 
therapeutic outcome arising from the nanomaterials’ chemo-PDT/PTT. 
In the future, in vivo assays will be crucial to fully depict the biocom
patibility and chemo-PDT/PTT capacity of DOX/PEtOx-IR NPs. 
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Fig. 4. Schematic representation of the DOX/PEtOx-IR NPs’ action after NIR laser exposure (A). Cell viability of MCF-7 cells after incubation with PEtOx-IR NPs (at 
1.25 and 2.5 µg mL− 1 of PEtOx-IR conjugate equivalents) and DOX/PEtOx-IR NPs (at 1.88/1.25 and 3.76/2.5 µg mL− 1 of DOX/PEtOx-IR conjugate equivalents) 
without NIR light (w/o NIR) and with NIR light exposure (w/ NIR; 808 nm, 1.7 W cm− 2, 5 min) (B). K- w/o NIR represents the negative control, and K- w/ NIR 
corresponds to MCF-7 cells solely irradiated with NIR light. Data represents mean ± S.D. n = 5 (*p < 0.01, **p < 0.0001), n.s. = non-significant. CLSM images of 
MCF-7 cells stained with Calcein-AM/PI after incubation with PEtOx-IR NPs (2.5 µg mL− 1 of PEtOx-IR conjugate equivalents) and DOX/PEtOx-IR NPs (3.76/2.5 µg 
mL− 1 of DOX/PEtOx-IR conjugate equivalents) w/o (C) and w/ NIR (D) laser irradiation (808 nm, 1.7 W cm− 2, 5 min). Medium w/o NIR corresponds to the control 
for live cells. Medium w/ NIR corresponds to cells only exposed to NIR light. Green channel: Calcein-AM; Red channel: PI. Scale bars represent 200 µm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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