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Abstract: 

Targeting the delivery of anti-cancer drugs to a tumor site is essential for 

effective treatment and to ensure minimal damage to healthy cells and tissues. In this 

work, a chitosan-based nanoplatform was constructed for combined photothermal 

therapy and chemotherapy of breast cancer. The pH-sensitive and biocompatible 

biopolymer chitosan (CS) was grafted with N-vinylcaprolactam (NVCL) and 

modified with biotin (Bio), imparting it with temperature sensitive property and the 

ability of active targeting. The polymer self-assembled to give nanoparticles (NPs) 

loaded with indocyanine green (ICG) and doxorubicin (DOX). When the NPs are 

exposed to near-infrared (NIR) laser irradiation, ICG converts the light to heat, 

inducing a significant phase transition in NPs and facilitating the release of the drug 

cargo. In addition, the solubility of chitosan is increased in the slightly acidic 

microenvironment of the tumor site, which also promotes drug release. A detailed 
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analysis of the NPs both in vitro and in vivo showed that the carrier system is 

biocompatible, while the drug-loaded NPs are selectively taken up by cancer cells. 

Particularly when augmented with NIR irradiation, this leads to potent cell death in 

vitro and also in an in vivo murine xenograft model of breast cancer.   

Keywords: Photothermal therapy, Chitosan, Thermosensitive material 

1. Introduction 

Breast cancer, which commonly results in malignant tumors, remains a serious 

threat to women's health [1-4]. Chemotherapy is widely used as a first-line treatment 

[5, 6], but suffers from a number of drawbacks. The active pharmaceutical ingredients 

(APIs) used frequently have poor water solubility and are non-specific (affecting 

healthy tissues as well as the tumor), which results in systemic toxicity [7]. As a result, 

numerous nanocarriers have emerged to improve the efficiency of chemotherapy. 

Nanoparticles (NPs) can passively target tumors through the enhanced permeability 

and retention (EPR) effect, and active targeting can be achieved by modifying the NPs 

with targeting ligands [8-10]. Further, NPs can be designed to release their API cargo 

in response to an internal or external stimulus [11, 12]. Internal stimuli are mainly 

based on the characteristics of the tumor microenvironment [13, 14], such as its slight 

acidity and high temperature, while appropriate external stimulation includes near 

infrared (NIR) laser irradiation and ultrasound, among others [15, 16].  

Chitosan, a natural polymer, has attracted significant attention as a nanocarrier 

for anti-cancer APIs. This is because it has a number of advantageous properties, 

including antimicrobial activity [17, 18], good biocompatibility, biodegradability and 

pH sensitivity [19, 20]. Chitosan is frequently grafted with thermosensitive materials 

to build dual-responsive nanocarriers [21-23]. These temperature-sensitive materials 

are designed to release an API cargo more rapidly at the slightly higher temperature of 

the tumor microenvironment (cf. the standard physiological temperature). Zhang et al. 

developed a dual-responsive drug delivery system comprising chitosan and the 

temperature-responsive material di(ethylene glycol) methyl ether methacrylate and 

employed this to deliver paclitaxel for enhanced breast cancer therapy [24]. Similarly, 

Chen and co-workers constructed nanocomposites based on thermosensitive 
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poly(N-vinylcaprolactam) and chitosan to realize co-delivery of doxorubicin and 

oleanolic acid for cancer chemotherapy [25]. These NPs respond to the slightly higher 

temperature at the tumor site, but the temperature of the tumor is only 1-2 °C greater 

than that of the normal tissues [26]. This makes it difficult to achieve accurate 

targeting based on the endogenous difference in temperature alone. To improve 

targeting, a photothermal agent can be incorporated with a temperature-sensitive 

material. The aim here is to use the sensitizer to absorb light (particularly NIR, which 

has good tissue penetration properties) and use this to generate a large amount of local 

heating via photothermal conversion. Compared with NPs that respond to endogenous 

temperature differences [24, 25], this system can more effectively induce a phase 

transition via photothermal agent in the temperature-sensitive component and thus 

release the API in a targeted manner. 

The heat generated via a photothermal agent can also be used to directly ablate 

tumor tissue in a process termed photothermal therapy (PTT). This approach has been 

widely explored for tumor treatment by virtue of its having a number of advantages: it 

has deep tissue penetration, is noninvasive, safe and allows high spatiotemporal 

resolution [27-30]. Indocyanine green (ICG), a fluorescent dye, is a promising 

photothermal agent approved by the Food and Drug Administration (FDA) for human 

clinical applications [31-33]. Due to its excellent photothermal conversion ability ICG 

has gained much attention, but it suffers from similar challenges to chemotherapeutic 

drugs in that its distribution is non-specific and it has a short blood circulation time 

[34-36].  

To precisely target chemotherapeutic APIs or photothermal agents and avoid 

damage to healthy tissues and cells, suitable tumor-targeting ligands can be attached 

to NPs [37-39]. Biotin is one suitable ligand. It is an essential micronutrient for cell 

proliferation [40, 41], and its receptor, sodium-dependent multivitamin transporter, is 

overexpressed on the surfaces of numerous cancer cell membranes, including those of 

breast cancer cells and human cervical cancer cells [42-45]. Moreover, biotin is a 

small molecule with advantages of low cytotoxicity and no inherent immunogenicity 

[46].  
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   In this work, we developed a chitosan-based nanoplatform to accomplish 

combined PTT and chemotherapy for breast cancer. Chitosan was grafted with 

temperature-sensitive N-vinylcaprolactam (NVCL) and the composite was modified 

with biotin to provide tumor-targeting. The hydrophobic chemotherapy API 

doxorubicin (DOX) and photothermal agent ICG were co-loaded in the core of NPs 

through self-assembly to yield the DOX/ICG@Bio-CS-PNVCL system. After 

accumulation at the tumor site, under NIR irradiation the ICG should generate heat, 

raising the local temperature at the tumor for PTT and also stimulating DOX release 

from the NPs. Furthermore, the enhanced solubility of chitosan under the acidic 

conditions in the tumor also promotes the release of DOX. This should result in 

effective, targeted, dual-mode cancer therapy. The approach is summarized in Scheme 

1. 
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Scheme 1 Schematic illustration of the chitosan-based DOX/ICG@Bio-CS-PNVCL 

NPs developed in this work for NIR laser triggered PTT-chemotherapy. 

 

2. Materials and methods 

2.1 Materials 

Chitosan (degree of deacetylation = 90%), N-hydroxysuccinimide (NHS) and 

2,2'-azobis(2-methylpropionitrile) (AMPN) were sourced from Macklin Biochemical 

Co., Ltd. Acetic acid came from Tianjin Fengchuan Chemical Reagent Technologies 

Co., Ltd. Biotin (Bio) and acetic anhydride was purchased from Sinopharm Chemical 
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Reagent Co., Ltd. Doxorubicin (DOX) was sourced from Shanghai Haohong 

Biomedical Technology Co., Ltd. Indocyanine green (ICG), 

2-(dodecyltrithiocarbonate)-2-methylpropionic acid (DDACT), DMSO-d6 and D2O 

were provided by Shanghai Yishi Chemical Co., Ltd. N-Vinylcaprolactam (NVCL) 

was obtained from Bentong (Shanghai) Chemical Co., Ltd. N,N-Dimethylformamide 

(DMF), N,N'-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) 

was procured from Shanghai Aladdin Biochemical Technology Co., Ltd. Dialysis bags 

and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) were 

obtained from Shanghai Yuanye Bio-Technology Co., Ltd.  

4T1 cells and L929 cells were provided by Procell Life Science & Technology 

Co., Ltd. Dulbecco's Modified Eagle Medium (DMEM) and phosphate-buffered 

saline (PBS) were sourced from Corning. Fetal bovine serum (FBS) was provided by 

Biological Industries Israel Beit Haemek Ltd. Methyl thiazolyl tetrazolium (MTT) 

was supplied by Shanghai Yeasen Biotechnology Co., Ltd. A Calcein-AM/PI double 

staining kit (AM/PI) was obtained from Life Technologies Corporation. DAPI 

staining solution was procured from Beijing Labgic Technology Co., Ltd. 

Penicillin-streptomycin (pen-strep) solution was sourced from Biological Industries. 

Trypsin-EDTA (0.25%) was provided by the Life Technologies Corporation. A 

hematoxylin and eosin (H&E) staining kit, terminal deoxynucleotidyl 

transferase-mediated dUTP nick-end labeling (TUNEL) apoptosis assay kit and Ki67 

cell proliferation kit were purchased from Sigma-Aldrich Co., Merck KgaA and 

Abcam Co., respectively. 

Female nude mice aged 5-6 weeks were provided by the Animal Center of 

Kunming Medical University. All animal experiments were performed following 

review and approval by the Animal Care and Use Committee of Kunming Medical 

University (ref: KMMU 2015002). All animal care and handling protocols were 

carried out according to the Guideline for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 8523, revised 

in 1985). 

2.2 Preparation of Bio-CS-PNVCL 
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CS (1 g) was dissolved in aqueous acetic acid solution (1.0% v/v, 100 mL) 

containing acetic anhydride (0.4 mL). Subsequently, ethanol (100 mL) was added and 

reaction carried out at room temperature for 8 h. Next, the mixture was poured into a 

mixture of water and ethanol (500 mL, v/v=1:4), and soon afterwards a precipitate 

emerged. The precipitate was collected by centrifugation, washed with ultrapure water, 

re-precipitated with the water/ethanol mixture, and finally collected by centrifugation. 

These steps were repeated three times. Finally, the obtained product was dried under 

vacuum at room temperature for 2 hours to acquire pure N-acetylated CS (N-CS). 

N-CS (290 mg) was added into DMF (30 mL). DCC (205 mg), DMAP (15 mg) 

and DDACT (370 mg) were added in sequence, with a pause between each addition 

until complete dissolution had occurred. Subsequently, the mixture was stirred at 

room temperature for 48 hours. The reaction solution was then dropped into ice water 

and a yellow solid emerged. This suspension of yellow solid was put into a dialysis 

bag (MWCO 3500Da) and dialyzed with double distilled water for three days. The 

collected product was freeze-dried to obtain CS-RAFT.  

CS-RAFT (50 mg) was dissolved in DMF (5 mL) under the protection of 

nitrogen, followed by adding AMPN (9.6 mg) and NVCL (1 g). The mixture was 

stirred at 60 
o
C for 24 h. After cooling to room temperature, the solution was poured 

into ice water and dialyzed in dialysis bags (MWCO 3500 Da) with double distilled 

water for three days. CS-PNVCL was obtained by freezing and drying. CS-PNVCL 

(30 mg) was then dissolved in aqueous NaOH solution (10% NaOH w/w, 10 mL) and 

stirred at room temperature. After 48 hours deprotected CS-PNVCL was obtained by 

dialysis, and freeze dryied as above. 

Deprotected CS-PNVCL (50 mg) was dissolved in DMF (15 mL), followed by 

addition of EDC (50 mg) and NHS (30 mg). The solution was stirred at room 

temperature for 2 hours to activate the amino group. Biotin (50 mg) was then added 

and the reaction mixture was stirred for a further 24 hours to produce 

Bio-CS-PNVCL. 

Drug-loaded NPs (DOX/ICG@Bio-CS-PNVCL NPs) were prepared by 

self-assembly. DOX‧ HCl (5 mg) and ICG (5 mg) were dissolved in a drop of DMSO. 
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Bio-CS-PNVCL (30 mg) was dissolved in 30 mL PBS and the two solutions 

combined. The mixture was stirred at 1000 rpm for 24 hours and then centrifuged at 

11,000 rpm for 30 minutes to remove unloaded drug. Finally, drug-loaded NPs were 

dialyzed (MWCO 3500 Da) to remove any adsorbed drug. DOX@Bio-CS-PNVCL 

NPs were prepared in a similar way, but without inclusion of ICG in the solutions, and 

DOX@CS-PNVCL systems generated via the same route but with CS-PNVCL in 

place of Bio-CS-PNVCL. 

2.3 Characterization 

1
H and 

13
C nuclear magnetic resonance (NMR) spectroscopy was performed with 

a DRX 400 spectrometer (Bruker). A Nicolet Nexus 670 spectrometer (Thermo Fisher) 

was used to collected Fourier transform infrared (FT-IR) spectra. The morphologies of 

the NPs were studied with a JEOL JEM 1200EX transmission electron microscope 

(TEM) and a FEI Nova Nano scanning electron microscope (SEM). A UV-3600 

spectrophotometer (Shimadzu) was used to measure UV-vis spectra. Particle size was 

examined on a BI-200SM instrument (Brookhaven Instruments) through dynamic 

light scattering (DLS).  

2.4 Encapsulation efficiency and drug loading  

The encapsulation efficiency (EE) and drug loading (DL) of DOX and ICG in 

the NPs were calculated by UV-Vis measurements. Firstly, the absorbance of PBS 

solutions with different concentrations of DOX and ICG was measured to construct a 

standard curve for each. The supernatant obtained after centrifuging the drug-loaded 

NPs was then assayed and the concentrations of DOX and ICG were determined via 

absorbance at 481 nm (DOX) and 780 nm (ICG) . Finally, the EE and DL were 

calculated by the following formulae: 

EE=(D1-D2)/D1×100% (1) 

DL=(D1-D2)/mt×100% (2) 

D1 represents the total mass of DOX or ICG added, D2 the mass of free DOX or 

ICG in the supernatant, and mt the total mass of nanoparticles obtained. 

2.5 Photothermal effects 

To investigate the photothermal properties of the DOX/ICG@Bio-CS-PNVCL 
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NPs, the temperature change profiles of NP suspensions prepared at different 

concentrations were measured with varied laser power densities. Thermal images of 

the suspensions were also recorded using a thermal infrared imaging camera (FLIR 

A300, Shanghai Spectrum Electronic Technology Co., Ltd.). Photothermal stability 

was explored over five repeated heating and cooling cycles. The photothermal 

efficiency was calculated based on heating-cooling curves and the following equation 

[47, 48]: 

η = ℎ S(TMax - TSur)-Qs / I(1-10
-A

) (3) 

where η is the photothermal conversion efficiency, ℎ  and S are the heat transfer 

coefficient and surface area, TMax and TSur are the equilibrium temperature and 

ambient temperature, Qs is the heat absorbed by quartz cell, I represents the power 

density of the laser and A the absorbance of the material at 808 nm. 

2.6 Phase transition and drug release 

In order to explore the phase transitions of Bio-CS-PNVCL at different 

temperatures, the material was dispersed in ultrapure water by sonication. The 

temperature of the solution (0.5 mg/mL) was increased slowly, and the absorbance 

recorded. 

Drug release from DOX/ICG@Bio-CS-PNVCL under different conditions was 

also investigated. DOX/ICG@Bio-CS-PNVCL NPs (8 mg) were dispersed in PBS 

(pH 7.4 or 5.0; 8 mL). 2 mL of this suspension was loaded into a dialysis bag 

(MWCO: 3500 Da), and then placed in 30 mL of PBS solution. Experiments were 

performed at pH=7.4 and pH=5.0 in a shaker (100 rpm) at 37 
o
C. Samples (1 mL) 

were taken at specific times and the same volume of pre-warmed PBS solution (1 mL) 

was added to maintain a constant volume. In experiments with NIR irradiation, 2 h 

into the drug release experiment the NP suspensions were irradiated (808 nm, 1.0 

W/cm
2
) for five minutes when the drugs were released for two hours. UV-vis spectra 

were obtained on all the release aliquots and used to determine cumulative release.  

2.7 In vitro cellular uptake  

Confocal microscopy was carried out to explore the targeting ability of biotin. 

4T1 and L929 cells were placed in culture dishes with 1×10
5
 cells per dish (in 2 mL of  
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DMEM containing 10% FBS and 1% penicillin-streptomycin). The cells were 

incubated overnight (5% CO2, 37 °C), and then 200 μL of the medium was removed 

and replaced with 200 μL of solutions or suspensions of free DOX, 

DOX@CS-PNVCL and DOX@Bio-CS-PNVCL in PBS. The final concentration of 

DOX in each dish was 0.5 μg/mL. A negative group comprised untreated cells. Four 

hours later, the medium was discarded and the cells were washed with PBS three 

times. Glutaraldehyde solution (5%, 1 mL) was added to each dish to fix the cells, and 

the culture dishes allowed to stand for 30 min at room temperature. Subsequently, 

DAPI solution (0.5 mL) was added to stain cell nuclei, and the dishes incubated for 

three minutes at room temperature. Finally, the cells were washed with PBS three 

times and observed by confocal laser scanning microscopy (FV1000, Olympus). 

2.8 In vitro cytotoxicity 

In order to determine the toxicity of the various materials to tumor cells, MTT 

experiments were performed. 4T1 cells were cultured in a 96-well plate (1 × 10
4
 cells 

per well, 200 µL). They were incubated (5% CO2, 37 °C) with DMEM medium 

containing 10% v/v FBS and 1% penicillin-streptomycin. After 24 hours, 20 μL 

solutions or suspensions of free DOX, Bio-CS-PNVCL, DOX@Bio-CS-PNVCL, or 

DOX/ICG@Bio-CS-PNVCL were added to replace 20 μL of DMEM in each well. 

Five solutions of each material were prepared in PBS, to give final concentrations of 

DOX of 0.01, 0.1, 1, 5 and 10 μg/mL. The concentration of Bio-CS-PNVCL used was 

equal to the concentration of Bio-CS-PNVCL in DOX-ICG@Bio-CS-PNVCL. 

Twenty independent experiments were performed with three replicate wells per 

condition in each experiment. In addition, cells treated with PBS (20 μL) comprised a 

negative control. After 24 hours, the medium was removed and cells washed with 

PBS three times. Then, MTT solution (100 μL) was added to each well and the plate 

incubated in the dark for 4 hours. DMSO (200 μL) was added and cells were 

incubated for 15 minutes more. Finally, the absorbance was read on microplate reader 

(Bio-Tek). The blank comprised a mixture of MTT solution and DMSO. Cell viability 

was calculated as: 

Cell viability = (ODexperiment-ODblank) / (ODcontrol-ODblank) × 100% (4) 
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The live-dead double staining assay and flow cytometry were also performed. 

The former was conducted by incubating 4T1 cells in a 6-well plate (1×10
5
 cells per 

well, 2 mL of DMEM) for 24 hours (5% CO2, 37 °C). The Calcein-AM/PI mixed 

solution was prepared according to the manufacturer instructions. Solutions or 

suspensions of the various formulations (200 μL) were added to the wells. The 

treatment groups comprised: PBS, free DOX, free ICG, Bio-CS-PNVCL, 

DOX@Bio-CS-PNVCL, DOX/ICG@Bio-CS-PNVCL. The final concentration of 

DOX was 0.5 μg/mL, and there were six independent experiments, each with an 

additional replicate well. The cells were incubated for 12 hours (5% CO2, 37 °C), 

after which the medium was removed and the cells washed with PBS three times. 

Calcein-AM/PI staining solution (0.5 mL) was added to each well and the plates 

incubated in the dark for 45 min. Finally, the cells were washed and observed under 

an inverted fluorescence microscope (TE-2000 U, Olympus). 

For flow cytometry, 4T1 cells were charged into a 6-well plate, incubated and 

treated with the various formulations as for the live-dead assay. Then, trypsin solution 

(0.25%, 0.5 mL) was added to digest the cells. Fresh medium (0.5 mL) was added to 

terminate digestion after three minutes. Subsequently, the cells were centrifuged at 

1000 rpm for 3 min and washed twice with PBS. Finally, PBS (0.5 mL) was added to 

resuspend the cells, followed by Annexin V-FITC (5 μL) and PI (5 μL). The cells 

were incubated in the dark for 15 min and apoptosis quantified with flow cytometry 

(Becton Dickinson, Franklin Lakes, NJ). 

2.9 In vivo anticancer efficacy  

Female nude mice aged 4-6 weeks were used for these experiments. 4T1 cells 

(1×10
7
 cells in 100 μL of DMEM) were injected subcutaneously into the right flank. 

When the tumor volume reached 100 mm
3
 (V=length×width

2
 / 2), mice were 

randomly divided into 5 groups (4 mice/group) and treated with: PBS, free DOX, free 

ICG, DOX@Bio-CS-PNVCL and DOX-ICG@Bio-CS-PNVCL. Treatment was 

administrated via the tail vein, to give corresponding dosages of DOX and ICG of 5 

and 7.5 mg/kg respectively. Nude mice in groups of free ICG and 

DOX/ICG@Bio-CS-PNVCL were irradiated with an NIR laser (1.0 W/cm
-1

) for 5 
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min at 24 h after injection. 

2.10 In vivo thermal imaging 

4T1 tumor-bearing nude mice were injected with 100 μL of PBS, free ICG and 

DOX/ICG@Bio-CS-PNVCL via the tail vein to give an ICG dose of 5 mg/kg. 

Twenty-four hours after injection, nude mice were exposed to an NIR laser (808 nm, 

1.0 W/cm
2
) for 5 minutes, and in vivo real-time images were recorded with a thermal 

imaging camera (FLIR A300, Shanghai Spectrum Electronic Technology Co., Ltd.). 

2.11 Histological analyses 

After 14 days of treatment, mice were sacrificed and the heart, liver, spleen, lung, 

kidney and tumor tissues were excised. The tissues were then fixed with 4% formalin 

and embedded in paraffin, before being cut into fine slices for histological 

examination. Hematoxylin and eosin (H&E) and terminal deoxynucleotidyl 

transferase-mediated dUTP nick-end labeling (TUNEL) assays were used to analyse 

cell apoptosis, while Ki-67 staining was conducted to measure cell proliferation.  

 

3 Results and discussion 

3.1 Characterization of DOX-ICG@Bio-CS-PNVCL  

The successful preparation of Bio-CS-PNVCL was verified by FT-IR and NMR 

spectra. FT-IR data (Figure 1a) reveal characteristic peaks from the primary alcohol 

and secondary alcohol of CS at 1022 cm
-1

 and 1064 cm
-1

, respectively. The C=C and 

C-H functional groups of NVCL result in bands at 1653 cm
-1

 and 2931 cm
-1

, 

respectively. The -CONH2 and -COOH groups in biotin give peaks at 1637 cm
-1

 and 

1684 cm
-1

. In the spectrum of Bio-CS-PNVCL, the CS alcohol peaks are clearly 

visible. The biotin peak at 1634 cm
-1

 (-CONH2) is still present, but the peak at 1684 

cm
-1

 disappears, suggesting that biotin was grafted to CS via an amide bond. The C-H 

group in NVCL can be seen at 2919 cm
-1

 in the spectrum of Bio-CS-PNVCL, but the 

C=C functional group band has disappeared, indicating that NVCL was successfully 

polymerized onto the CS. 

NMR spectra further proved the successful modification of CS. Compared to the 

spectrum of CS (Figure 1c), the peak intensity at 1.98 ppm is significantly enhanced 
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in the 
1
H NMR spectrum of N-CS (Figure S1), which is attributed to the methyl group 

present in the acetyl modification. The 
1
H NMR spectrum of CS-RAFT (Figure 1c) 

includes methyl and methylene peaks between 0.80-2.00 ppm from DDACT (see 

Figure S2 for DDACT spectrum), a characteristic OH peak resonance around 5.58 

ppm from CS, and an imine proton at ca. 7.41 ppm, demonstrating that DDACT was 

grafted onto CS. The 
13

C NMR spectrum (Figure 1b) displays resonances at 169.5 

ppm, 157.1 ppm, and 153.4 ppm. These correspond to C=S, amide, and ester groups, 

respectively. The formation of the CS-RAFT species is thus clearly evidenced. 

The 
1
H NMR spectrum of Bio-CS-PNVCL is given in Figure 1c. Peaks at ca. 

7.22 ppm are clearly visible in the NVCL spectrum (Figure S3), corresponding to the 

C=CH proton. These have disappeared for Bio-CS-PNVCL, confirming the 

polymerization of NVCL. Comparing this with the spectra of NVCL and biotin 

(Figure S3 and S4), the peaks at 8.13 ppm and 7.84 ppm in can be attributed to the 

amide groups of biotin and chitosan, respectively. The signal at 5.32 ppm is attributed 

to the OH proton of chitosan. Peaks at 1.49-2.09 ppm correspond to the methylene 

groups of PNVCL, and that at 0.85 ppm to the methyl of the RAFT agent. The above 

results demonstrate the successful grafting of CS. Based on the 
1
H NMR spectrum of 

DOX/ICG@Bio-CS-PNVCL (Figure 1c), the degree of substitution of RAFT on 

chitosan was calculated to be 1. The UV-Vis spectrum of 

DOX/ICG@Bio-CS-PNVCL NPs (Figure S5) showed the characteristic peaks of 

DOX and ICG at 481 nm and 780 nm respectively, demonstrating the successful 

loading of DOX and ICG. 

The hydrodynamic diameter of DOX-ICG@Bio-CS-PNVCL NPs was 

determined by DLS and found to be 115 ± 6 nm (Figure 1d). This is much smaller 

than previously reported chitosan-based nanoparticles [24], and suitable for passive 

targeting of tumor cells via the EPR effect. The morphology of the 

DOX-ICG@Bio-CS-PNVCL NPs was characterized by TEM (Figure 1e) and SEM 

(Figure 1f). The NPs are spherical. The particle size in TEM is smaller than the 

hydrodynamic diameter measured by DLS, which may be the result of drying and 
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dehydration during sample preparation. The TEM image indicates the presence of 

some core/shell structure, consistent with segregation of the hydrophobic segments of 

the Bio-CS-PNVCL polymer into the core, away from the aqueous environment used 

for self assembly. The drug loading was found to be 9.5 ± 1.5% and 12.3 ± 0.7% 

for DOX and ICG respectively. This is similar to other reported chitosan-based 

drug-loaded NPs [25]. The encapsulation efficiencies were 73.7 ± 12.0% (DOX) and 

92.7 ± 9.5% (ICG). 

 

Figure 1 (a) FT-IR spectra of CS, NVCL, Biotin and Bio-CS-PNVCL; (b) 
13

C NMR 

spectrum of CS-RAFT (resonances 1 (169.5 ppm), 2 (157.1 ppm), and 3 (153.4 ppm) 

correspond to C=S, amide, and ester groups); (c) 
1
H NMR spectra of CS, CS-RAFT, 

CS-PNVCL and Bio-CS-PNVCL (resonances a (8.13 ppm), b (7.84 ppm) and c (5.32 

ppm) are attributed to the amide groups of biotin and chitosan and to the chitosan OH 

proton); (d) DLS data on DOX/ICG@Bio-CS-PNVCL NPs; (e) TEM and (f) SEM 

images of DOX/ICG@Bio-CS-PNVCL NPs. 
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3.2 Photothermal effects  

 

Figure 2 Photothermal properties of DOX/ICG@Bio-CS-PNVCL. Temperature 

variation curves of suspensions (a) at different concentrations under NIR irradiation at 

808 nm / 1.0 W/cm
2
 and (b) 0.8 mg/mL with varied NIR laser power densities. (c) 

Photothermal images at top: different NP concentrations (1.0 W/cm
2
) and bottom: 

varied NIR laser power densities (0.8 mg/mL). (d) Temperature profile over five 

heating-cooling cycles (1.25 W/cm
-1

). (e) Heating-cooling curve with 5 minutes of 

NIR laser irradiation (0.8 mg/mL, 1.0 W/cm
2
); (f) Linear regression of cooling stage.  

 

Upon NIR irradiation, the temperature of the DOX/ICG@Bio-CS-PNVCL NPs 

suspension increased continuously, with a greater NP concentration resulting in a 

greater temperature elevation (Figure 2a). At a fixed concentration, the temperature 

rise increases with elevated laser power density (Figure 2b). Figure 2c shows 

photothermal images of DOX/ICG@Bio-CS-PNVCL after laser irradiation, indicating 

that these temperature changes can be clearly observed visually. This could aid the 

development of targeted drug delivery systems and/or theranostics. The particle size 

of the NPs was found to increase to 425 nm after irradiation. This is attributed to the 

PTT properties of ICG, which causes thermal expansion and also potentially the 

aggregation of particles.  

To explore the robustness of the NP platform, five heating and cooling cycles 
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were performed on the same suspension (Figure 2d). The maximum temperature is 

largely unchanged across these cycles, confirming that DOX/ICG@Bio-CS-PNVCL 

possesses good photothermal stability. This is due to the loading of ICG in the 

nanoparticles, which protects it from the photobleaching typically seen with ICG [49, 

50]. The photothermal conversion efficiency (PTCE) was calculated from 

heating-cooling curves (Figure 2e) and linear regression (Figure 2f) of the cooling 

stage. The PTCE is 29.3%, similar to previously reported ICG-loaded nanoplatforms 

[51]. 

3.3 Phase transition and drug release 

The phase transition of Bio-CS-PNVCL was analyzed by measuring absorbance 

at 500 nm as a function of temperature (Figure 3a). The absorbance can be seen to 

reduce as the temperature increased. This phenomenon is due to the phase transition 

of the PNVCL. At room temperature, Bio-CS-PNVCL is dispersed in water by 

hydrogen bonding, forming an opaque suspension with high absorbance. When the 

temperature rose above the PNVCL lower critical solution temperature (LCST), the 

hydrogen bonds were broken and Bio-CS-PNVCL was precipitated out of solution 

and deposited on the bottom. This results in the supernatant becoming transparent and 

thus causing a reduction in absorbance. This phase transition behavior is contrary to 

the usual LCST behavior [52, 53], where the polymer dissolves at temperature below 

the LCST, and phase separation occurs in the polymer solution when the temperature 

is above the LCST [54], and is believed to arise because the nanoparticles have 

low-density structures in which there is water ingress into the core, and thus 

interactions between PNVCL and water molecules. 

Drug release experiments (Figure 3b) were carried out to investigate the 

influence of pH value and NIR irradiation. The extent of DOX release at pH=5.0 is 

notably higher than at pH=7.4. This is because the solubility of chitosan and DOX is 

enhanced in acidic conditions, which promotes release of the DOX cargo. The 

application of NIR irradiation increases the extent of DOX release at a given pH: ICG 

generates heat under NIR exposure, promoting a hydrophilic-hydrophobic phase 

transition in the PNVCL component of the NPs. As a result of this, the NPs shrink to a 
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smaller size squeezing the DOX out of the core. 

 

Figure 3 (a) The absorbance at 500 nm of Bio-CS-PNVCL suspensions as a function 

of temperature; (b) release of DOX from the NPs under different conditions (*p < 0.05, 

compared to pH=7.4); confocal microscopy images of (c) 4T1 cells and (d) L929 cells 

treated with free DOX, DOX@CS-PNVCL, or DOX@Bio-CS-PNVCL for 4 hours. 

 

3.4 In vitro cellular uptake 

The cellular uptake efficiency was explored by CLSM (Figure 3c and 3d). 

Minimal red fluorescence (arising from DOX) is seen when cells are incubated with 

DOX alone. This is slightly increased when DOX@CS-PNVCL NPs are used. When 

incubated with DOX@Bio-CS-PNVCL for 4 hours, 4T1 cells showed notably 

enhanced red flourescence, while L929 cells displayed weaker signals, implying that 

NPs are more effectively taken up by cancerous 4T1 cells than healthy L929 cells. 

4T1 cells exposed to DOX@Bio-CS-PNVCL depicted a greatest extent of red 

fluorescence, which was attributed to the biotin endowing the NPs with the ability to 
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actively target cancer cells. 

3.5 In vitro cytotoxicity 

 

Figure 4 Cell viability of (a) 4T1 cells and (b) L929 cells incubated with DOX, 

Bio-CS-PNVCL, DOX@Bio-CS-PNVCL and DOX-ICG@Bio-CS-PNVCL (*p<0.05, 

**p<0.01, compared to DOX; #p<0.05, ##p<0.01, compared to 

DOX@Bio-CS-PNVCL); (c) fluorescence images of 4T1 cells stained with 

Calcein-AM/PI after different treatments; (d) flow cytometry analysis of 4T1 cells 

after various treatments. Early apoptotic, late apoptotic and necrotic cells lie in the 

lower right, upper right and upper left quadrant, respectively. 

 

The effect of the formulations on the viability of 4T1 (Figure 4a) and L929 

(Figure 4b) cells was assessed by MTT assays. The toxicity of 

DOX/ICG@Bio-CS-PNVCL on 4T1 cells was concentration-dependent. When the 

corresponding concentration of DOX reached 10 μg/mL, the cell viability in the 

DOX/ICG@Bio-CS-PNVCL group was ca. 50%. Free DOX and DOX 

@Bio-CS-PNVCL are notably less cytotoxic, while even high concentrations of 
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Bio-CS-PNVCL led to minimal loss of viability. This shows the carrier to be 

non-toxic, and that the use of the biotin conjugated NPs can enhance cytotoxic effects 

over the free API. 

With L929, the NPs do not result in any toxicity when the concentration of DOX 

is below 5 μg/mL. Free DOX does result in some cell death (ca. 10 – 20%). The 

DOX/ICG@Bio-CS-PNVCL NPs did display some toxicity to L929 cells at the 

highest concentration of 10 μg/mL. However, in comparison to free DOX, they 

showed markedly attenuated cell toxicity, indicating that the nanocomposites possess 

targeted delivery properties. The Bio-CS-PNVCL carrier is not toxic even at the 

highest concentration of 10 μg/mL. 

Calcein-AM/PI double staining results are depicted in Figure 4c. The number of 

red (apoptotic) cells is highest in the DOX-ICG@Bio-CS-PNVCL group, implying 

this gives the greater amount of cell death. Some cell death is noted with 

DOX@Bio-CS-PNVCL, but markedly less. Furthermore, the Bio-CS-PNVCL group 

displayed very little red fluorescence, which confirms the MTT results and 

demonstrates that the nanocarrier is non-toxic to cells. Free DOX results in less 

toxicity than the DOX-ICG@Bio-CS-PNVCL treatment, likely due to the lack of 

targeting of free DOX. Less DOX was taken up by cells, resulting in less cytotoxicity. 

However, the free ICG group did demonstrate some degree of toxicity, because under 

NIR irradiation ICG can generate heat and thus promote cell apoptosis. 

Flow cytometric analysis (Figure 4d) was conducted to confirm the MTT and 

live/dead results. The cell apoptosis rates of the free DOX and PBS groups were 

almost equal, indicating that free DOX lacked targeting and showed little toxicity to 

cells. The apoptosis rate (27.28%) of the free ICG group was clearly higher, which is 

the result of photothermal therapy. The apoptosis rate of the Bio-CS-PNVCL group 

was 14.06%,  also similar to the PBS group, again indicating that the nanocarrier 

was not toxic to cells and consistent with the live-dead staining results. The 

DOX@Bio-CS-PNVCL group had enhanced cytotoxicity (28.20%), which was due to 

the loading of DOX in the nanocarrier, leading to both passive and active targeting 

and drug release in the cytosol. As previously, the DOX-ICG@Bio-CS-PNVCL group 
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showed the highest level (39.2%) of early/late apoptosis and necrosis, as a result of 

preferential uptake and synergistic photothermal and chemotherapy. 

3.6 In vivo therapeutic efficacy 

Therapeutic effects in vivo were evaluated in 4T1 tumor-bearing mice. All mice 

in the free ICG and DOX/ICG@Bio-CS-PNVCL groups received NIR irradiation 

(808 nm) during treatment. Tumor photos and tumor masses obtained after the 

treatment period (Figure 5a) showed that DOX/ICG@Bio-CS-PNVCL effectively 

inhibited tumor growth, and that the combination of photothermal and chemotherapy 

significantly improved the treatment efficacy. The relative tumor volume change 

curves (Figure 5b) reveal that the tumor volume in the control group increased rapidly 

over time, while the tumor volume of the DOX/ICG@Bio-CS-PNVCL group 

displayed no observable changes. Free DOX and free ICG were able to cause some 

suppression of the tumor growth, while DOX/ICG@CS-PNVCL performed better. 

The enhanced efficacy of DOX/ICG@Bio-CS-PNVCL is clearly evidenced from 

these data.   

Plots of body weight vs time (Figure 5c) show a general decline for the free 

DOX group, due to the fact that DOX is non-targeted and causes off-target side 

effects as reported previously [55, 56]. The body weights in the other groups remained 

largely stable, indicating good biocompatibility.  
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Figure 5 (a) Photos and masses of tumors excised from mice in the different 

treatment groups at the end of the in vivo experiment (Ⅰ: PBS, Ⅱ: Free DOX, Ⅲ: Free 

ICG, Ⅳ: DOX@Bio-CS-PNVCL, Ⅴ:DOX/ICG@Bio-CS-PNVCL); (b) Relative 

tumor volume (*p < 0.05, **p < 0.01, compared to DOX/ICG@Bio-CS-PNVCL) and 

(c) body weight recorded during the treatment processes; (d) thermal images in groups 

of mice treated with PBS, ICG or DOX/ICG@Bio-CS-PNVCL after 5 minutes of NIR 

irradiation; (e) H&E, TUNEL, and Antigen ki-67 staining of tumor sections from the 

different treatment groups (scale bars: 100 μm). 

 

3.7 In vivo thermal imaging 

In a separate experiment, three tumor-bearing mice were treated with PBS, ICG 

or DOX/ICG@Bio-CS-PNVCL respectively and exposed to NIR laser (1.0 W/cm
-1

, 5 
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min) at 24h after injection. Images (Figure 5d) were recorded with a thermal camera. 

In the control group, the temperature at the tumor site displayed only small changes 

(∆T = 3.2 
o
C). In contrast, the temperature of the tumor in the free ICG group rose to 

45.3 
o
C, indicating the excellent photothermal conversion efficiency of ICG. The 

tumor temperature in the DOX/ICG@Bio-CS-PNVCL group increased still further, to 

49.4 
o
C. This is higher than that in the free ICG group, indicating that the EPR effect 

and targeting ability of biotin allowed the accumulation of NPs at tumor site, 

increasing the local ICG concentration in the tumor. 

3.8 Histological analysis 

Histological analyses obtained on tumor sections are reported in Figure 5e. The 

DOX/ICG@Bio-CS-PNVCL treatment group revealed the most distinct cell apoptosis 

in H&E staining, while the control group showed no cell damage. The DOX, ICG and 

DOX/ICG@CS-PNVCL showed a limited amount of damage. In TUNEL staining, a 

similar trend could be seen. Tumor sections from 

DOX/ICG@Bio-CS-PNVCL-treated mice displayed the largest quantity of apoptotic 

cells (brown-stained), while notably smaller numbers of apoptotic cells can be seen 

with the other treatment groups. Immunohistochemical staining was conducted to 

analyse the cell proliferation in the tumor. Antigen Ki67 staining revealed that 

DOX/ICG@Bio-CS-PNVCL group had the fewest proliferating cells (brown) and the 

largest area of cell damage (blue), showing the NPs are better able to kill cells and 

prevent their proliferation in comparison with other groups. All these results 

comprehensively demonstrate the excellent anti-cancer therapeutic effects of 

DOX/ICG@Bio-CS-PNVCL NPs. 

H&E staining was also performed on the major organs after treatment (Figure 6) 

The free DOX treatment resulted in some off-target effects, which can be seen in 

terms of vacuolar degeneration in the spleen and kidney. However, no obvious 

damage can be seen after the other treatments, suggesting 

DOX/ICG@Bio-CS-PNVCL NPs and the other materials have negligible systemic 

toxicity. 
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Figure 6 H&E staining of heart, liver, spleen, lung and kidney sections after treatment 

with PBS, DOX, ICG, DOX@Bio-CS-PNVCL, DOX/ICG@Bio-CS-PNVCL (scale 

bars: 100 μm). 

 

4. Conclusions 

In this work, chitosan-based thermosensitive DOX/ICG@Bio-CS-PNVCL NPs 

were fabricated to co-deliver the photothermal agent ICG and chemotherapeutic drug 

DOX. These materials are found to have particle sizes of 115±6 nm, suitable for 

uptake and retention in tumors via the EPR effect, and have potent photothermal 

properties. The presence of the targeting agent biotin in the formulation was observed 

to aid NP uptake into cancer cells. Drug release from the NPs is triggered by both NIR 

exposure and reduced pH conditions. The NPs were further able to cause effective 

cancer cell death both in vitro and in vivo, with tumor growth notably suppressed in a 

xenograft mouse model of breast cancer. Tissue sections showed that the NPs were 
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able to reduce the off-target damage to healthy tissues caused by DOX, compared 

with the free DOX group, but promoted cell death and inhibited cell proliferation in 

the tumor. DOX/ICG@Bio-CS-PNVCL NPs thus comprise an intelligent drug 

delivery platform with potential in combined photothermal and chemotherapy of 

breast cancer. 
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