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Abstract

Chemo-photothermal therapy (chemo-PTT) mediated by nanomaterials holds a great 

potential for cancer treatment. However, the tumor uptake of the systemically 

administered nanomaterials was recently found to be below 1 %. To address this 

limitation, the development of injectable tridimensional polymeric matrices capable of 

delivering nanomaterials directly into the tumor site appears to be a promising approach. 

In this work, an injectable in situ forming ionotropically crosslinked chitosan-based 

hydrogel co-incorporating IR780 loaded nanoparticles (IR/BPN) and Doxorubicin (DOX) 

loaded nanoparticles (DOX/TPN) was developed for application in breast cancer chemo-

PTT. The produced hydrogels (IR/BPN@Gel and IR/BPN+DOX/TPN@Gel) displayed 

suitable physicochemical properties and produced a temperature increase of about 

9.1 °C upon exposure to Near Infrared (NIR) light. As importantly, the NIR-light exposure 

also increased the release of DOX from the hydrogel by 1.7-times. In the in vitro studies, 

the combination of IR/BPN@Gel with NIR light (photothermal therapy) led to a reduction 

in the viability of breast cancer cells to 35 %. On the other hand, the non-irradiated 

IR/BPN+DOX/TPN@Gel (chemotherapy) only diminished cancer cells’ viability to 85 %. 

In contrast, the combined action of IR/BPN+DOX/TPN@Gel and NIR light reduced 

cancer cells’ viability to about 9 %, demonstrating its potential for breast cancer 

chemo-PTT.

Keywords: Cancer Chemo-Photothermal Therapy, Doxorubicin, Injectable Hydrogel, 

IR780, Localized Delivery.
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1. Introduction

Chemo-photothermal therapy (chemo-PTT) mediated by nanomaterials is a promising 

modality for treating cancer (Alves et al., 2019; de Melo-Diogo et al., 2018; Li et al., 2018; 

Nam et al., 2018). This approach explores the ability of systemically administered 

nanomaterials to accumulate at the tumor site, and the combinatorial effects occurring 

between the nanomaterials’ mediated photoinduced heat and drug delivery (Khafaji et 

al., 2019; Li et al., 2019b; Liu et al., 2019c; Ye et al., 2019). To trigger the nanomaterials’ 

photothermal effect, the tumor zone is irradiated with near infrared (NIR; 750-1000 nm) 

light, due to its high tissue penetration depth and minimal interactions with biological 

components (e.g. water, melanin, hemoglobin or collagen) (Rodrigues et al., 2020). 

Therefore, inorganic nanomaterials with NIR absorption (e.g. graphene derivatives (de 

Melo-Diogo et al., 2018; Leitão et al., 2020a; Liu et al., 2019d), gold nanorods (Moreira 

et al., 2018; Yang et al., 2017)) or nanostructures encapsulating organic NIR dyes (e.g. 

Indocyanine Green (An et al., 2020; Li et al., 2019a; Ma et al., 2013), IR780 (Liu et al., 

2019b; Pais-Silva et al., 2017; Xia et al., 2019), IR808 (Thomas et al., 2018; Xu et al., 

2017), IR825 (Pan et al., 2018; Song et al., 2014)) have been the most explored for this 

type of application. These nanostructures can produce, upon NIR laser irradiation, a 

temperature increase that damages the cancer cells with minimal off-target heating 

(Rodrigues et al., 2020). Some NIR-responsive nanomaterials can also encapsulate 

chemotherapeutic drugs, enabling their use in chemo-PTT (Rodrigues et al., 2020; 

Zheng et al., 2019a). Alternatively, nanomaterials’ mediated chemo-PTT can also be 

achieved by administrating one nanostructure that loads the chemotherapeutic drug and 

another that has photothermal capacity (Liu et al., 2019a). This later approach is more 

straightforward since it is easier to optimize the physicochemical properties (e.g. size) of 

the nanostructures with only one functionality (Liu et al., 2019a). As importantly, the 

nanomaterials’ photoinduced heat can also trigger the release of the encapsulated drugs 

from the nanomaterials, and increase cancer cells’ sensitivity to the chemotherapeutic 
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drugs, leading to an improved outcome (Khafaji et al., 2019; Li et al., 2019b). Despite of 

this potential, Wilhelm et al. uncovered that less than 1 % of the intravenously 

administered nanomaterials’ dose effectively reaches the tumor site (Wilhelm et al., 

2016). In this way, it of utmost importance to develop novel strategies to deliver 

nanomaterials aimed for chemo-PTT into the tumor site, hence bypassing the systemic 

administration problems.

In this regard, the delivery of nanomaterials directly into the tumor site by tridimensional 

(3D) macrostructures (e.g. hydrogels, microneedles, or scaffolds) appears to be a 

promising approach (Alessandri et al., 2019; Carvalho et al., 2018; Huang et al., 2016; 

Lan et al., 2018; Moreira et al., 2020; Samadi et al., 2018). In particular, injectable in situ 

forming hydrogels hold a great potential for delivering nanomaterials directly into the 

tumor zone due to their straightforward and readily scalable assembly (Chhibber et al., 

2020; Geng et al., 2020; Mathew et al., 2018). In this process, the hydrogel precursor 

solutions containing the nanomaterials are initially intratumorally administered, achieving 

gelation at the tumor site (in situ) (Chang et al., 2015; Lima-Sousa et al., 2020; Mathew 

et al., 2018; Peers et al., 2020). Such enables a controlled delivery of high nanomaterial 

doses into the tumor tissue with minimal systemic exposure (Huang et al., 2016; Norouzi 

et al., 2016; Ta et al., 2008). For instance, Huang et al. produced an injectable 

poly(ethylene glycol)-poly(caprolactone) based hydrogel with an in situ 

thermoresponsive gelation that could deliver a 7.9-times higher drug dose into the tumor 

in comparison to systemically administered nanoparticles (Huang et al., 2016). 

Nevertheless, for this type of application, injectable hydrogels formulated using 

natural/semi-natural polymers are more appealing due to their excellent biocompatibility 

and biodegradability (Chhibber et al., 2020; Lee, 2018; Zheng et al., 2019b). Therefore, 

the formulation of injectable in situ forming hydrogels based on natural/semi-natural 

materials should be pursed for the tumor confined delivery of nanomaterials aimed for 

chemo-PTT.
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In this work, an injectable in situ forming ionotropically crosslinked chitosan-based 

hydrogel co-incorporating IR780 loaded bovine serum albumin (BSA) polymeric 

nanoparticles (IR/BPN) and Doxorubicin (DOX) loaded D-α-tocopheryl polyethylene 

glycol 1000 succinate (TPGS) polymeric nanoparticles (DOX/TPN) was prepared 

(IR/BPN+DOX/TPN@Gel), for the first time, to be applied in cancer chemo-PTT. 

Chitosan was selected due to its good biocompatibility and biodegradability as well as 

due to its gelation in the presence of NaHCO3 (Miguel et al., 2014; Ta et al., 2008; Wang 

et al., 2019b). In order to endow the hydrogel with photothermal capabilities, IR/BPN 

were incorporated within the 3D polymeric network due to the excellent optical properties 

of IR780, which are superior or similar to those of other NIR-responsive dyes (e.g. 

Indocyanine Green and IR808) (Leitão et al., 2020b). Furthermore, BSA-based 

nanomaterials also display an excellent loading capacity (Elzoghby et al., 2012). In turn, 

to include the chemotherapeutic function in the hydrogel, DOX/TPN were also 

incorporated due to the DOX’ broad spectrum chemotherapeutic activity and 

TPGS’ amphiphilic character (Shafei et al., 2017; Yang et al., 2018). 

2. Materials and Methods

2.1. Materials

BSA was bought from Amresco (Pennsylvania, USA). Chitosan low molecular weight 

(50 000 – 190 000 Da), DL-dithiothreitol (DTT), Dulbecco’s Modified Eagle’s Medium F12 

(DMEM-F12), IR780 iodide, Phosphate Buffered Saline (PBS), resazurin, TPGS and 

trypsin were purchased from Sigma-Aldrich (Sintra, Portugal). Acetone, methanol and 

NaHCO3 were purchased from Fisher Scientific (Oeiras, Portugal). Cell culture plates 

and T-flasks were acquired from Thermo Fisher Scientific (Porto, Portugal). DOX was 

obtained from Carbosynth (Berkshire, UK). Lysozyme from chicken egg was acquired 

from Alfa Aesar (Haverhill, MA, USA). Fetal Bovine Serum (FBS) was provided by 
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Biochrom AG (Berlin, Germany). Michigan Cancer Foundation-7 (MCF-7) cell line and 

Normal Human Dermal Fibroblast (NHDF) were obtained from ATCC (Middlesex, UK) 

and Promocell (Heidelberg, Germany), respectively. Water used in all experiments was 

double deionized (0.22 μm; 18.2 MΩ cm-1).

2.2. Methods

2.2.1. Formulation of IR/BPN and DOX/TPN

The IR/BPN were prepared by adapting a nanoprecipitation method previously described 

by our group (Alves et al., 2020). Briefly, BSA (5 mg) and DTT (386 μg) were allowed to 

react for 20 min, under stirring, in 5 mL of PBS. Afterwards, IR780 (250 μg, in 1 mL of 

acetone) was added dropwise into the BSA-DTT solution, under constant stirring, for 2 

h at room temperature. The obtained solution was recovered, dialyzed against water for 

90 min (14 000 Da molecular weight cut-off membrane), and filtered (0.45 μm pore size), 

yielding IR/BPN. As control, blank BSA polymeric nanoparticles (BPN) were also 

produced as described above without the IR780 addition step.

The DOX/TPN were prepared as we have previously described (Pais-Silva et al., 2017). 

Briefly, a mixture of TPGS (5 mg) and DOX (250 μg) in 1 mL of acetone was prepared, 

and it was added dropwise into 5 mL of water, under constant stirring, for 2 h at room 

temperature. The obtained solution was recovered, dialyzed against water for 90 min 

(500 – 1 000 Da molecular weight cut-off membrane), and filtered (0.45 μm pore size), 

yielding DOX/TPN.

2.2.2. Physicochemical characterization of IR/BPN and DOX/TPN

The IR/BPN and DOX/TPN size distribution (at a scattering angle of 173°) and zeta 

potential were evaluated in a Zetasizer Nano ZS (Malvern Instruments Ltd., 

Worcestershire, UK). The Vis-NIR absorption spectrum of IR/BPN and DOX/TPN was 



7

also acquired (Evolution 201 UV–Visible spectrophotometer (Thermo Fisher Scientific 

Inc., Massachusetts, USA)).

To determine the IR780 content in IR/BPN, these nanoparticles were freeze-dried 

(Canvas CoolSafe, Labo-Gene ApS, Lynge, Denmark) and then resuspended in 1 mL of 

water:methanol (1:1 (v/v)). Afterwards, a standard curve of IR780 (in 1:1 (v/v) 

water:methanol) and the absorbance of the IR/BPN sample at 780 nm were used to 

determine the content of IR780 (Mó et al., 2020). To determine the DOX content in 

DOX/TPN, these nanoparticles were also freeze-dried and resuspended in 1 mL of 

methanol. Then, a standard curve of DOX (in methanol) and the DOX/TPN absorbance 

at 485 nm were used to assess the DOX content. Then, the encapsulation efficiency of 

IR780 in IR/BPN and of DOX in DOX/TPN were determined as previously described 

(Pais-Silva et al., 2017).

2.2.3. Preparation of the ionotropically crosslinked chitosan-based hydrogels

The injectable in situ forming ionotropically crosslinked chitosan-based hydrogel 

incorporating IR/BPN (IR/BPN@Gel) was prepared by adapting the method described 

by Wang et al. (Wang et al., 2019b). Firstly, the gelling agent solution was prepared by 

dissolving NaHCO3 (945 mg) in PBS (0.1 M, 20 mL). Then, the gelling agent solution 

(200 μL) was mixed with IR/BPN (400 μL; 35 μg mL-1 of IR780 equivalents). Afterwards, 

this solution was added to the chitosan solution (900 μL; 4 % (w/v) in HCl). Subsequently, 

the gelling agent-IR/BPN-chitosan solution was loaded into a syringe and it was extruded 

(400 μL per template) into hollow cylindrical and removable templates (⌀ = 8 mm; 

height = 4 mm) in order to attain hydrogels with uniform macroscopic features. This 

hydrogel formulation was stored at physiological-like conditions (37 °C, 5 % CO2) before 

its use. As a control, injectable in situ forming ionotropically crosslinked chitosan 

hydrogels were also prepared with blank (non-drug loaded) BPN (termed as Gel).
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For the preparation of the IR/BPN+DOX/TPN@Gel, a similar protocol was used, with 

slight alterations. Briefly, a mixture of the gelling agent (200 μL), IR/BPN (400 μL; 35 μg 

mL-1 of IR780 equivalents) and DOX/TPN (200 μL; 15 µg mL-1 of DOX equivalents) was 

prepared and added to the chitosan solution (900 μL; 4 % (w/v) in HCl). Then, the gelling 

agent-IR/BPN-DOX/TPN-chitosan solution was loaded into a syringe and it was extruded 

(400 μL per template) as described above.

2.2.4. Characterization of the Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel

The swelling behavior of the hydrogels was determined following a protocol previously 

described (Lima-Sousa et al., 2020). Briefly, Gel, IR/BPN@Gel and 

IR/BPN+DOX/TPN@Gel were immersed in a PBS solution (pH 7.4) at 37 °C, under 

stirring. At predetermined timepoints, the hydrogels were removed from the PBS solution 

and weighted. Afterwards, they were immersed in a new PBS solution. The swelling ratio 

was determined using the following equation (WF and WI represent the weight of the 

hydrogels at the determined timepoints and at the beginning, respectively):

     (1)Swelling Ratio (%) =  
WF ― WI

WI
× 100

The degradation of Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel in biologically 

mimicking conditions was also investigated (Cabral et al., 2019). For such, each hydrogel 

was placed in a PBS solution (pH 7.4, 1 mL) containing lysozyme (13.6 mg L-1) at 37 °C, 

under stirring for 7 days. The PBS-enzyme solution was replaced every 2 days. At 

predetermined timepoints, the hydrogels were recovered and washed 3 times with water, 

freeze-dried and then weighted. The weight loss at the determined timepoints was 

calculated according to the following equation (WI and WT represent the hydrogels’ initial 

weight and the hydrogels’ weight at time t, respectively):

     (2)Weight Loss (%) =  
WI ―  WT

WI
× 100
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The cross-section morphology of Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel was 

observed by Scanning Electron Microscopy (SEM) at an acceleration voltage of 20 kV 

using a Hitachi S-3400N Scanning Electron Microscope (Japan).

The rheological characterization of the produced hydrogels was performed in a 

Thermostated Brookfield DV3T cone-plate rheometer using a CP52Z cone ((Brookfield 

Ametek, Massachusetts, USA), with a sample volume of 500 µL. All the experiments 

were carried out at 37 °C. The apparent viscosity of the hydrogels was determined at 

increasing shear rates (60-340 s-1) and it was also analyzed as a function of time 

(30 min of total time; constant speed of 60 rpm). Throughout the assays, the results were 

not considered when the torque value was superior to 95%.

The photothermal capacity of Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel was also 

analyzed (Alves et al., 2019; Lima-Sousa et al., 2020). For this purpose, the hydrogels 

were immersed in water and then irradiated with NIR light for 10 min (808 nm, 

1.7 W cm-2). At predetermined timepoints, the temperature variations were recorded 

using a thermocouple thermometer. As control, water (without any hydrogel) was also 

irradiated and the attained temperature variations recorded.

The release profile of DOX from the IR/BPN+DOX/TPN@Gel was determined by placing 

this formulation in a PBS solution containing lysozyme (pH 7.4, 13.6 mg L-1) at 37 °C 

(Lima-Sousa et al., 2020). At pre-established timepoints, the PBS-enzyme solution was 

recovered and replaced by a fresh one. Afterwards, the DOX content in the recovered 

solutions was determined by absorption spectroscopy. The influence of the NIR light 

exposure on the release of DOX was also assessed by irradiating the hydrogel (808 nm, 

1.7 W cm-2, 10 min).

For analyzing the long-term stability of Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel, 

their respective precursor solutions (described in Section 2.2.3.) were stored at 4 °C, 

during 7 days. Afterwards, the hydrogels were assembled by loading the stored solutions 
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into syringes. Then, the injectability and gelation after storage were evaluated. The size 

distribution of the IR/BPN and DOX/TPN after storage was also evaluated.

2.2.5. Evaluation of Gel and IR/BPN@Gel cytocompatibility

The cytocompatibility of Gel and IR/BPN@Gel (3.73 µg mL-1 of IR780 equivalents) was 

evaluated on MCF-7 cells (breast cancer cell model) and NHDF (normal cell model) 

using the resazurin method (Lima-Sousa et al., 2020). For the cell culture assays, both 

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 % CO2). Briefly, 2 × 104 

cells/well were seeded in 12-well plates. After 24 h, the culture medium was removed, 

and the cells were incubated with fresh medium and with the Gel or IR/BPN@Gel. After 

24 or 48 h of incubation, the hydrogels were removed, and the cells were incubated with 

fresh culture medium containing resazurin (10 % (v/v)) for 4 h in the dark (37 °C, 5 % 

CO2). Then, the fluorescence of resorufin (λex = 560 nm; λem = 590 nm) was measured 

(Spectramax Gemini EM spectrofluorometer, Molecular Devices LLC, CA, USA) to 

determine the cells’ viability. Cells solely incubated with medium and ethanol (70 % (v/v)) 

were used as negative (K-) and positive (K+) controls, respectively.

2.2.6. In vitro evaluation of the PTT mediated by IR/BPN@Gel and of the chemo-

PTT mediated by IR/BPN+DOX/TPN@Gel

The therapeutic effect mediated by IR/BPN@Gel and IR/BPN+DOX/TPN@Gel was 

determined using the resazurin method as described above. Initially, MCF-7 cells were 

seeded as described in Section 2.2.5. After 24 h, cells were incubated with fresh medium 

and with IR/BPN@Gel (3.73 µg mL-1 of IR780 equivalents) or IR/BPN+DOX/TPN@Gel 

(3.29/0.71 µg mL-1 of IR780/DOX equivalents). Then, after 4 h of incubation, the 

hydrogels were irradiated with NIR light (808 nm, 1.7 W cm-2, 10 min). Subsequently, 
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after totaling 24 h of incubation, the cells’ viability was evaluated as described in Section 

2.2.5.

2.2.7. Statistical Analysis

To compare multiple groups, a one-way Analysis of Variance (ANOVA) with the Student-

Newman-Keuls test was used. A value of p lower than 0.05 (* p < 0.05) was considered 

statistically significant. All data are represented as the mean ± Standard Deviation (S.D.). 

Data analysis was performed in the GraphPad Prism v6.0 Software (trial version, 

GraphPad Software, CA, USA).

3. Results and Discussion

3.1. Formulation and characterization of IR/BPN and DOX/TPN

The incorporation of IR/BPN and DOX/TPN in the injectable in situ forming ionotropically 

crosslinked chitosan hydrogel enables their application in cancer chemo-PTT (Figure 

1A).

Therefore, IR/BPN and DOX/TPN were initially prepared using a nanoprecipitation 

method. The Dynamic Light Scattering analysis demonstrated that IR/BPN presented an 

average size of 89.4 ± 1.0 nm while the DOX/TPN showed a size of 56.3 ± 0.5 nm (n = 3; 

batch triplicates; Figure S1A). The smaller size of DOX/TPN is related with the ability of 

TPGS to assemble into very small nanostructures (Nguyen et al., 2016; Yang et al., 

2018). Nevertheless, the size of both IR/BPN and DOX/TPN is within the dimensions 

considered as ideal for cancer related applications (Durymanov et al., 2019; Stern et al., 

2017; Wang et al., 2012). For instance, Stern et al. demonstrated that nanoparticles with 

a mean size of 50-90 nm have a good penetration into 3D tumor-like cellular aggregates, 

as well as a suitable uptake by cancer cells (Stern et al., 2017).
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The zeta potential of IR/BPN and DOX/TPN were -4.8 ± 0.5 mV and -4.1 ± 0.5 mV, 

respectively. In this way, these nanoformulations have a surface charge within the so-

called neutral surface charge range (zeta potential between -10 and +10 mV), which has 

been considered as optimal for tumor penetration (Rodrigues et al., 2020). Furthermore, 

the surface charge of IR/BPN and DOX/TPN is also in line with that reported in the 

literature for BSA-based and TPGS-based nanomedicines (Ferrado et al., 2019; Liu et 

al., 2016).

Then, the absorption of IR/BPN and DOX/TPN was analyzed (Figure S1B). As expected, 

the IR/BPN exhibited a peak at 791 nm (Figure S1B), which is characteristic of 

encapsulated IR780 (Alves et al., 2020; Mó et al., 2020). In turn, the DOX/TPN displayed 

the characteristic absorption peak of DOX at 485 nm (Moreira et al., 2014). The IR/BPN 

displayed an IR780 encapsulation efficiency of 72.4 ± 2.9 %. On the other hand, the 

DOX/TPN encapsulated DOX with an efficiency of about 43.3 ± 3.7 %. The lower 

encapsulation capacity of DOX/TPN may be related with their smaller sized hydrophobic 

core (Guo et al., 2013). Nevertheless, these encapsulation results are in agreement with 

those previously reported for other 

BSA- and TPGS-based nanoparticles (Arora et al., 2017; Pan and Feng, 2008).

3.2. Preparation and characterization of Gel, IR/BPN@Gel and 

IR/BPN+DOX/TPN@Gel

After the preparation of IR/BPN and DOX/TPN, these nanoformulations were added to 

chitosan and NaHCO3, for the assembly of the injectable in situ forming ionotropically 

crosslinked hydrogels with chemo-photothermal capacity (Figure 1A). For such, a 

mixture of IR/BPN, DOX/TPN, NaHCO3, and chitosan was loaded into a syringe and was 

injected into hollow cylindrical and removable templates. Such led to the assembly of 

individual IR/BPN+DOX/TPN@Gel with uniform macroscopic characteristics for the 

subsequent assays (Figure S2A). Hydrogels incorporating only IR/BPN were also 
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prepared using the same procedure (termed as IR/BPN@Gel). As a control, hydrogels 

with blank (non-loaded) BPN were also produced (termed as Gel). All the three different 

formulations displayed consistent macroscopic characteristics (Figure S2A) and an 

irregular-interconnected porous inner structure (Figure S2B). Compared to Gel, the 

IR/BPN@Gel and IR/BPN+DOX/TPN@Gel displayed a more cohesively packed inner 

structure, which could result from the ability of the nanoparticles to establish interactions 

with the hydrogels’ polymeric network (Mathew et al., 2018; Merino et al., 2015).

Subsequently, the swelling behavior of the different hydrogels was investigated (Figure 

1B). The three formulations exhibited similar swelling profiles, reaching a maximum 

swelling of about 13 % after 24 h of incubation (Figure 1B). The slow swelling exhibited 

by these hydrogels is of utmost importance since an abrupt and high swelling profile 

would compromise the future application on these hydrogels inside tumoral mass (Singh 

et al., 2016).

Then, the hydrogels’ degradability in biologically mimicking conditions was analyzed 

(Figure 1C). In general, all hydrogel formulations displayed an initial weight loss of 17 % 

after 1 day of incubation. The Gel formulation achieved its maximum weight loss of about 

24 %, after 3 days of incubation (Figure 1C). In stark contrast, both IR/BPN@Gel and 

IR/BPN+DOX/TPN@Gel displayed an incubation time-dependent weight loss, having 

their mass decreased by about 48 % by day 7 (Figure 1C). In this way, the sustained 

degradability of IR/BPN@Gel and IR/BPN+DOX/TPN@Gel may enable a controlled 

release of the different nanoformulations.

The apparent viscosity of Gel, IR/BPN@Gel and IR/BPN+DOX/TPN@Gel decreased 

with the increment of the applied shear rate (Figure S3A), displaying a non-Newtonian 

behavior (Lima-Sousa et al., 2020; Szymaǹska et al., 2015). Furthermore, the viscosity 

of all the formulations increased along time, which is crucial for their in situ gelation after 

injection (Figure S3B). These behaviors are in line with those displayed by other 
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chitosan-based hydrogels (Khodaverdi et al., 2012; Lima-Sousa et al., 2020; Szymaǹska 

et al., 2015).

Afterwards, the photothermal capacity of the hydrogels was assessed by exposing them 

to NIR radiation during a period of 10 min (808 nm, 1.7 W cm-2) – Figure 1D. The 

IR/BPN@Gel and IR/BPN+DOX/TPN@Gel produced an irradiation time-dependent 

photoinduced heat. After 10 min of NIR laser irradiation, the IR/BPN@Gel (3.73 µg mL-1 

of IR780 equivalents) and IR/BPN+DOX/TPN@Gel (3.29 µg mL-1 of IR780 equivalents) 

produced a temperature increase of 9.2 °C and 9.0 °C, respectively (Figure 1D). The 

photothermal capacity of these hydrogels is related with the presence of IR/BPN in their 

structure (Alves et al., 2020). As importantly, such temperature increase can cause 

damage to cells, leading to a therapeutic effect (Gai et al., 2018; Wang et al., 2019a). As 

expected, the irradiation of Gel with NIR light did not cause a meaningful temperature 

variation since this formulation does not have any photothermal nanoagent within its 

matrix (Figure 1D). Similarly, water (control) exposed to NIR light also did not suffer any 

significant temperature variation, which is in concordance with its weak/minimal 

interaction with 808 nm light (Rodrigues et al., 2020). As importantly, the NIR laser 

irradiation also increased the DOX release from the IR/BPN+DOX/TPN@Gel by up to 

1.7-fold (Figure 1E). In this way, IR/BPN+DOX/TPN@Gel may be able to promote an 

on-demand therapeutic effect.

Wang et al. developed alginate-based hydrogels incorporating iodine-starch complexes 

(1 mg mL-1) that produced a temperature increase of 19.4 °C after NIR light exposure 

(808 nm, 2.0 W cm-2, 10 min) (Wang et al., 2019a). In another work, Lima-Sousa et al. 

verified that chitosan-agarose hydrogels incorporating reduced graphene oxide produce 

a photoinduced heat of 8.1 °C (10 μg mL-1; 808 nm, 1.7 W cm-2, 10 min) (Lima-Sousa et 

al., 2020). Herein, the IR/BPN+DOX/TPN@Gel was able to induce a temperature 

increase of 9.0 °C using a lower dose of photothermal nanoagent (3.29 µg mL-1 of IR780 
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equivalents) and using a lower/similar NIR radiation intensity (1.7 W cm-2). These 

findings attest the good photothermal capacity of IR/BPN+DOX/TPN@Gel.

Finally, the long-term stability of the different hydrogels was evaluated. After 7 days of 

storage at 4 °C, the IR/BPN and DOX/TPN did not suffer any aggregation and thus 

retained most of their original size distribution (Figure S4). Furthermore, by loading the 

stored nanoformulations and the stored hydrogels’ precursor solutions (NaHCO3 and 

chitosan solutions) into a syringe, the injectability and gelation of the different hydrogels 

were still achieved (Figure S5), thus demonstrating a good stability.

Taken together, these results demonstrate the good physicochemical and optical 

properties of IR/BPN@Gel and IR/BPN+DOX/TPN@Gel.

3.3. Evaluation of Gel and IR/BPN@Gel cytocompatibility

Then, the cytocompatibility of the Gel and IR/BPN@Gel towards MCF-7 and NHDF cells 

was assessed (Figure 2). Both hydrogel formulations revealed a cytocompatible profile 

towards both breast cancer and healthy cells, even after 48 h of incubation (viability > 86 

%) – Figure 2. The good cytocompatibility of the Gel and IR/BPN@Gel is related with the 

excellent biocompatibility of chitosan-based hydrogels (Hamedi et al., 2018; Miguel et 

al., 2014; Peers et al., 2020). In fact, Lima-Sousa et al. also demonstrated the good 

cytocompatible profile of injectable in situ forming chitosan-agarose hydrogels (Lima-

Sousa et al., 2020). Moreover, non-irradiated IR780 based nanomedicines are also 

generally cytocompatible (Kuang et al., 2017; Lin et al., 2018; Song et al., 2019). 

Together, these results confirm the good cytocompatibility of the IR/BPN@Gel.
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3.4. In vitro evaluation of the PTT mediated by IR/BPN@Gel and chemo-PTT 

mediated by IR/BPN+DOX/TPN@Gel

Then, the therapeutic effect mediated by IR/BPN@Gel and IR/BPN+DOX/TPN@Gel 

towards MCF-7 cells was investigated. For such, cells were incubated with the hydrogel 

formulations and exposed to NIR light (808 nm, 1.7 W cm-2, 10 min) – Figure 3A.

MCF-7 cells incubated with IR/BPN@Gel and exposed to NIR light experienced a 

reduction in their viability to about 35 % (Figure 3B). Such effect is related with the ability 

of the IR/BPN incorporated on this hydrogel to produce a photoinduced heat that can 

damage the cancer cells (Figure 1D). As expected, cells solely incubated with 

IR/BPN@Gel or solely exposed to NIR light did not suffer any meaningful variation in 

their viability (Figure 3B). These results are justified by the good cytocompatible profile 

displayed by IR/BPN@Gel (Figure 2A) and by the negligible off-targeting heating of water 

exposed to NIR light, respectively (Figure 1D).

Xie et al. developed an agarose-based hydrogel incorporating black phosphorus 

nanosheets that, when irradiated with NIR light (0.5 mg mL-1 of black phosphorus 

nanosheets; 808 nm, 0.925 W cm-2, 10 min), induced a reduction in cancer cells’ viability 

to 39 % (Xie et al., 2020). Herein, the IR/BPN@Gel induced a similar reduction in the 

cancer cells’ viability at an extremely lower dose of the photothermal nanoagent (3.73 

µg mL-1 of IR780 equivalents) but at a higher laser intensity (1.7 W cm-2). These results 

attest the potential of IR/BPN@Gel for cancer PTT.

On the other hand, 85 % of the MCF-7 cells incubated with IR/BPN+DOX/TPN@Gel 

(3.29/0.71 µg mL-1 of IR780/DOX equivalents) remained viable. However, when the cells 

were exposed to IR/BPN+DOX/TPN@Gel plus NIR light, their viability suffered a stark 

decrease to 9 % (Figure 3B). In this way, the improved therapeutic outcome attained by 

conjugating IR/BPN+DOX/TPN@Gel with NIR light is explained by the combined action 
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of the chemo-photothermal effect and by the NIR-light enhanced DOX release (Figure 

1E).

Jiang et al. prepared a poly(ethylene glycol)-based hydrogel incorporating palladium 

nanosheets and DOX that, after NIR-light exposure (60/1 μg mL-1 of palladium/DOX; 808 

nm, 0.6 W cm-2, 10 min), reduced the cancer cells’ viability to about 20 % (Jiang et al., 

2020). In another study, injectable in situ forming chitosan-agarose hydrogels 

incorporating reduced graphene oxide (10 μg mL-1) and a DOX:Ibuprofen combination 

(90.4 μM of the 1:5 DOX:Ibuprofen combination) could decrease MCF-7 cells’ viability to 

34 % after irradiation with NIR light (808 nm, 1.7 W cm-2, 10 min) (Lima-Sousa et al., 

2020). Herein, the chemo-PTT mediated by IR/BPN+DOX/TPN@Gel diminished the 

MCF-7 cells’ viability to only 9 %, using a very low dose of therapeutic nanoagents 

(3.29/0.71 µg mL-1 of IR780/DOX equivalents) and at a similar/higher radiation intensity 

(1.7 W cm-2). In this way, the IR/BPN+DOX/TPN@Gel is a promising injectable in situ 

forming hydrogel that has potential for being applied in the chemo-PTT of breast cancer.

4. Conclusion

In this work, an injectable in situ forming ionotropically crosslinked chitosan-based 

hydrogel co-incorporating IR/BPN and DOX/TPN was prepared, for the first time, for 

application in cancer chemo-PTT. The obtained results revealed that IR/BPN@Gel and 

IR/BPN+DOX/TPN@Gel present suitable physicochemical properties to be used in 

cancer therapy. Upon NIR light exposure, the IR/BPN@Gel and 

IR/BPN+DOX/TPN@Gel produced a temperature increase of 9.2 °C and 9.0 °C, 

respectively, confirming their photothermal capacity. As importantly, the NIR-light 

exposure also increased the release of DOX from the hydrogel by 1.7-times. In the in 

vitro studies, the IR/BPN@Gel presented a cytocompatible behavior towards breast 

cancer and normal cells. Moreover, the combination of IR/BPN@Gel with NIR light 
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(photothermal therapy) led to a reduction in the viability of breast cancer cells to 35 %. 

On the other hand, the non-irradiated IR/BPN+DOX/TPN@Gel (chemotherapy) only 

diminished cancer cells’ viability to 85 %. In stark contrast, the chemo-PTT mediated by 

IR/BPN+DOX/TPN@Gel reduced the cancer cells’ viability to about 9 %. Overall, these 

results demonstrate that IR/BPN+DOX/TPN@Gel is an injectable in situ forming 

hydrogel with great potential for the chemo-PTT of breast cancer cells. 

In the future, it will be interesting to assess the chemo-photothermal effect of 

IR/BPN+DOX/TPN@Gel in in vivo studies as well as the hydrogel’s biocompatibility and 

biodegradability. Moreover, the continuous development of macroscale delivery 

strategies to address the nanostructures’ systemic administration problems will pave the 

way for the broader clinical application of nanomaterials in cancer therapy.
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Figure Legends

Figure 1 – Characterization of the physicochemical and optical properties of the 

chitosan-based injectable hydrogels. Schematic representation of the formulation of the 

injectable in situ forming ionotropically crosslinked chitosan hydrogel co-loaded with 

IR/BPN and DOX/TPN and of its application in chemo-PTT of breast cancer cells (A). 

Assessment of the swelling behavior of the hydrogels for a period of 48 h (B). Data 

represents mean ± S.D., n = 5. Evaluation of hydrogels’ weight loss in biologically 

relevant conditions, over a period of 7 days (C). Data represents mean ± S.D., n = 5. 

Temperature variation curves of the different hydrogel formulations upon NIR laser 

irradiation (808 nm, 1.7 W cm-2, 10 min) (D). Cumulative release of DOX from 

IR/BPN+DOX/TPN@Gel during a 48 h period without (w/o NIR) and with (w/ NIR) NIR 

laser irradiation (808 nm, 1.7 W cm-2, 10 min) (E). Data represents mean ± S.D., n = 3.

Figure 2 – Cytocompatibility of Gel and IR/BPN@Gel. Cell viability of MCF-7 (A) and 

NHDF (B) cells after their incubation with Gel or IR/BPN@Gel for 24 and 48 h. Data 

represents mean ± S.D., n = 5. K- represents the negative control and K+ represents the 

positive control.

Figure 3 – Characterization of the phototherapeutic effect mediated by IR/BPN@Gel 

and IR/BPN+DOX/TPN@Gel. Schematic representation of the PTT and chemo-PTT 

mediated by IR/BPN@Gel and IR/BPN+DOX/TPN@Gel, respectively (A). Effect of 

IR/BPN@Gel (3.73 µg mL-1 of IR780 equivalents) and IR/BPN+DOX/TPN@Gel 

(3.29/0.71 µg mL-1 of IR780/DOX equivalents) towards MCF-7 cells without (w/o NIR) or 

with (w/ NIR) NIR laser irradiation (808 nm, 1.7 W cm-2, 10 min) (B). Data represents 

mean ± S.D., n = 5. (* p < 0.0001), n.s. = non-significant.
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-A novel injectable in situ forming chitosan-based hydrogel was prepared for chemo-PTT

-The NIR-responsive hydrogels could produce a temperature increase of about 9 °C

-The NIR-light exposure increased the release of DOX from the hydrogel by 1.7-times

-The chemo-PTT mediated by the hydrogel reduced the viability of cancer cells to 9%


