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Abstract: Combinations of different therapeutic strategies, including chemotherapy 

(CT), chemodynamic therapy (CDT), and photothermal therapy (PTT), are needed to 

effectively address evolving drug resistance and the adverse effects of traditional 

cancer treatment. Herein, a camouflage composite nanoformulation (TCBG@PRs), an 

antitumour agent (tubercidin, Tub) loaded into Cu-doped bioactive glasses (CBGs) 

and subsequently camouflaged by polydopamine (PDA) and red blood cell 

membranes (RBCm), was successfully constructed for targeted and synergetic 

antitumour therapies by combining CT of Tub, CDT of doped copper ions, and PTT 

of PDA. In addition, the TCBG@PR composite nanoformulation was camouflaged 

with a red blood cell membrane (RBCm) to improve biocompatibility, longer blood 

retention times, and excellent cellular uptake properties. It integrated with long 

circulation and multimodal synergistic treatment (CT, CDT, and PTT) with the benefit 

of RBCms to avoid immune clearance for efficient targeted delivery to tumor 

locations, producing an "all in one" nanoplatform. In vivo results showed that the 

TCBG@PR composite nanoformulation prolonged blood circulation and improved 

tumor accumulation. The combination of CT, CDT, and PTT therapies enhanced 

antitumour therapeutic activity, and light-triggered drug release reduced systematic 

toxicity and increases synergistic antitumor effects. 

Keywords: Red blood membrane; dopamine; tubercidin; chemodynamic therapy; 

photothermal therapy; synergistic therapy 



1. Introduction 

Breast cancer, one of the most prevalent cancers in women worldwide, is a 

significant public health concern. Despite major advances in diagnosis and therapy 

[1,2], breast cancer-related mortality remains high. Breast cancer is widely treated 

with surgery, radiation therapy, endocrine therapy, and chemotherapy. Surgery offers 

the advantage of tumor removal, providing a definitive diagnosis, and potentially 

preventing cancer spread; however, surgical risks and possible postoperative repair 

issues are associated with it [3]. Radiation therapy can destroy remaining cancer cells 

and be targeted, but it also has the disadvantages of high side effects and limited 

population applicability [4]. Endocrine therapy effectively tackles hormone 

receptor-positive cancers, reducing recurrence risk, but is limited to such cancers and 

long-term risks [5]. Chemotherapy targets cancer cells throughout the body, shrinking 

tumors and working well in combination; nevertheless, it has side effects, can harm 

healthy cells, and poses long-term health risks [6,7]. Therefore, the focus of research 

has shifted to the creation of accurate, effective, and low-side-effect approaches. 

As precise and low-side-effect alternatives, photothermal therapy (PTT), 

chemodynamic therapy (CDT), targeted drug delivery, and immunotherapy have 

revolutionized breast cancer treatment [8-10]. Recent clinical trials have demonstrated 

the enhanced efficacy of PTT and CDT in treating tumor cells. CDT effectively 

converts endogenous H2O2 into lethal hydroxyl radicals (·OH) through Fenton or 

Fenton-like reactions [11-13]. The primary metal catalysts used in CDT, namely iron, 

copper, and manganese, rely on H2O2 in the tumor microenvironment without 



requiring external stimuli [14-16]. Additionally, PTT uses the absorption of light 

energy to generate heat energy, eradicating cancer cells noninvasively [17, 18]. To 

overcome challenges, such as limitations with photosensitizers and suboptimal H2O2 

levels in the tumor microenvironment, polydopamine (PDA) has shown promise as a 

biocompatible and NIR-induced photothermal conversion agent [19, 20]. However, 

limitations still remain, including insufficient endogenous H2O2 in CDT and the 

dependence of PTT efficacy on the depth and location of tumor tissue [21-22]. 

Consequently, combining these techniques or their integration with other modalities is 

gaining interest to optimize therapeutic outcomes and minimize side effects [23-27]. 

To achieve a synergistic effect, PDA is applied as a photothermal agent to enhance 

Fenton catalytic activity, while copper or manganese ions serve as CDT agents [28, 

29]. Nevertheless, challenges remain, such as inadequate H2O2 levels in the tumor 

microenvironment and inefficient targeting of composite nanoparticles. To overcome 

some of the limitations of each method, by exploiting the synergistic effect of CT, 

CDT, and PTT, which can enhance the tumor-killing efficiency and reduce the dosage 

to minimize the side effects. 

Additionally, nanoparticles encapsulated in red blood cell membranes (RBCms) 

offer a promising therapeutic strategy to reduce side effects by improving targeting, 

biocompatibility, somatic circulation, and drug accumulation in the tumor [30-34]. 

Recently, red blood cell membrane-encapsulated PDA nanocomplexes have been 

widely applied, including mesoporous PDA nanoparticles, intelligent nanocarriers, 

and multifunctional phototherapy platforms, which enhance drug delivery, enable 



combination therapy, mitigate hypoxia, and improve tumor imaging [35-37]. Various 

drug delivery systems, such as magnetic nanotubes, gold nanotubes, carbon nanotubes, 

biocompatible nanospheres, dendrimers, liposomes, and micelles, have been 

investigated for targeted cancer treatment [38]. Notably, bioactive glass (BG) is 

commonly used in orthopedics and dentistry. It is chosen as a vehicle for drug 

delivery due to its excellent biocompatibility, bioactivity, and significant tumor 

growth inhibition properties [39-41]. Chemotherapy drugs, including nabumetone 

[42], paclitaxel [43], cyclophosphamide [44], docetaxel [45], epirubicin [46], 

paclitaxel analogues [47], and PARP inhibitors [48], are administered using the 

bionanosystem for breast cancer treatment. To develop novel therapeutic approaches, 

tubercidin (Tub), a well-known nucleoside, can undergo different metabolic reactions. 

It can be phosphorylated by adenosine kinase (AK) and nucleoside diphosphate 

kinase (NDPK) to form tubercidylate (TBNP) and tubercidyl diphosphate (TBDP), 

respectively. It can also be deaminated by adenosine deaminase (ADA) to form 

7-deaza-inosine (preQ0), which can be further converted to 7-deazaguanine 

derivatives. Finally, it can be degraded by purine nucleoside phosphorylase (PNP) to 

form hypoxanthine and ribose-1-phosphate [49-51]. Cellular kinases phosphorylate 

tubercidin, converting Tub into its triphosphate form, which inhibits protein 

expression and tumor activity upon integration into DNA or RNA [52,53].  

In this study, a biomimetic composite nanoformulation (TCBG@PRs), an 

antitumor agent (Tub) loaded into Cu-doped bioactive glasses (CBGs) and 

subsequently camouflaged by PDA and RBCm, has been successfully constructed for 



targeted and synergetic antitumor therapies by the combination of CT of Tub, CDT of 

doped copper ions, and PTT of PDA. In addition, the TCBG@PRs composite 

nanoformulation was camouflaged with a RBCm to improve biocompatibility, longer 

blood retention times, and excellent cellular uptake properties. It integrated with long 

circulation and multimodal synergistic treatment (CT, CDT, and PTT) with the benefit 

of RBCms to avoid immune clearance for efficient targeted delivery to tumor 

locations, producing an "all in one" nanoplatform (Figure 1). Moreover, the 

bioefficacy investigations of these composite nanoformulations (TCBG@PRs) have 

demonstrated enhanced inhibition in both in vitro cell experiments and in vivo tests 

on tumor-bearing mice. These findings provide compelling evidence of its potential 

synergistic therapeutic efficacy. 

 

Figure 1. Schematic illustration of the preparation of TCBG@PRs and the synergistic treatment of 

mice under near-infrared light irradiation. 

2. Experimental section 

2.1 Materials 



Hexadecyltrimethylammonium bromide (CTAB), ethyl acetate (EA), ethyl 

orthosilicate (TEOS), triethyl phosphate (TEP), calcium nitrate tetrahydrate (CN), 

copper nitrate trihydrate, dopamine hydrochloride (DA), Tris-HCl buffer (pH = 8.5), 

fluorescein isothiocyanate (FITC), 2’, 7’-dichlorodihydrofluorescein diacetate 

(DCFH-DA), and methylene blue solution were purchased from Shanghai Aladdin 

Biochemical Technology Co., Ltd. Ammonia (AR, 25-28%) was purchased from 

Hangzhou Gaojing Fine Chemical Co., Ltd. Tubercidin was provided by Shanghai 

Haoyuan Biomedical Technology Co., Ltd. Sheep blood that had been sterilized and 

defibrinated was purchased from Nanjing Quanlong Biotechnology Co., Ltd. 

Hydrogen peroxide was purchased from Shanghai Lingfeng Chemical Reagent Co., 

Ltd. Kaumas Brilliant Blue staining solution/elution solution, 

5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 4',6-diamidino-2-phenylindole (DAPI), a 

reactive oxygen species (ROS) detection kit, and 3-(4, 5-dimethyl-thiazol-2-yl)-2, 

5-diphenyl-tetrazolium bromide (MTT) were acquired from Shanghai Biyuntian 

Biotechnology Co., Ltd. The red blood cell membrane (RBCms) was obtained 

according to a protocol with some modifications [54]. 

2.2 Fabrication of red blood cell  membrane-camouflaged composite 

nanoformulation (TCBG@PRs) 

According to previous reports [55,56], the hydrothermal process was used to 

prepare the CBGs. Then, the CBGs (10 mg) were dispersed in 10 mL of deionized 

water. The mixed solution consisted of 5 mL of DMSO, and 20 mg of tubercidin was 

added to the CBGs solution and stirred for 24 h. The Tub-loaded composite 



nanoparticles (TCBGs) were separated by centrifugation, and the supernatant was 

subjected to UV‒Vis absorption analysis. The as-prepared TCBGs (20 mg) were 

redispersed in 10 mL of Tris-HCl buffer (pH = 8.5, 1 × 10-3 mol/L). Then, 10 mg of 

dopamine hydrochloride was added and stirred for 6 h at room temperature for 

self-polymerization to form a polydopamine (PDA) layer on the TCBGs (TCBG@Ps). 

For the camouflation of RBCms onto the surface of TCBG@Ps, an Avanti 

mini-extruder (LF-1, Ottawa, Canada) was used to repeatedly extrude the mixture of 

TCBG@Ps and RBCms via 400 and 200 nm pores 21 times. Finally, the red blood 

cell membrane-camouflaged composite nanoformulation (TCBG@PRs) was obtained 

after removing the excess RBCm by centrifugation. 

2.3 Characterization 

The hydrodynamic size and zeta potential of CBGs, TCBG@Ps, and 

TCBG@PRs were characterized by a Zetasizer (Zetasizer Nano ZS, Malvern, UK). 

UV‒vis spectra were obtained from a UV‒vis spectrometer (U3900H, Hitachi 

Corporation, Japan). Transmission electron microscopy (JEM-2100, Japan Electronics 

Corporation) and scanning electron microscopy (Ultra 55 FE-SEM, Carl Zeiss SMT, 

Germany) were used to evaluate the morphology and size of the composite 

nanoparticles. The specific surface area and pore volume were tested by a 

Brunauer-Emmett-Teller analyser (3H-2000PS1, Bayside Instrument Technology Co. 

Ltd.). Electron spin resonance (ESR) was used to evaluate the typical peak of ·OH 

(A300, Bruker, Germany). 

2.4 Drug loading and release in vitro 



The loading (LE%) and encapsulation efficiency (EE%) of Tub were determined 

by the following formula: 
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where Wn is the weight of unloaded Tub in the supernatant, Wm is the overall 

weight of tubercidin, and WNPs is the weight of TCBG@PRs. 

In order to assess drug release in vitro, 10 mg of TCBG@PRs were sealed into a 

dialysis bag (MWCO = 500) and then immersed in 60 mL of PBS buffer solution at 

pH of 7.4, 5.5 and 5.5+NIR. One milliliter of dialysate was collected to test the 

absorption intensity (λ = 270 nm) at a certain time intervals, and the drug release was 

determined by a Tub standard curve. 

2.5 Photothermal effects in vitro 

TCBG@PRs solutions (2.5 mL) at different concentrations (0, 25, 50, 100, and 

200 μg/mL) were injected into Eppendorf tubes. An infrared thermography device 

(325, Fotric, America) was used to record their temperature changes under NIR 

irradiation (808 nm, 1.0 W/cm2). The temperature changes of the TCBG@PRs 

solution (200 μg/mL) by four on/off NIR irradiation cycles were used to evaluate their 

thermal stability. 

2.6 Biocompatibility evaluation in vitro 

Different concentrations of TCBG@PRs in PBS solutions (25, 50, 100, 200, and 

400 μg/mL) were coupled with a 5% erythrocyte solution. Then, deionized water and 



PBS solutions (0 μg/mL) served as positive and negative controls, respectively. The 

mixture was then incubated at 37 °C for 6 h. The mixture was centrifuged for 5 min at 

3,500 rpm. The absorbance of the mixture at 540 nm was measured using an UV‒vis 

spectrometer. The hemolysis rate was calculated by the formula: 
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where A1 is the sample absorbance, A2 is the positive absorbance, and A3 is the 

negative absorbance. 

2.7 Hydroxyl radical (·OH) generated by TCBG@PRs in vitro 

TCBG@PRs were dispersed in PBS solution ultrasonically to form different 

concentrations of 0, 25, 50, 100, and 200 μg/mL. Then, 1 mL of methylene blue (MB) 

solution (10.0 μg/mL) was added, followed by stirring for 5 min to determine the 

generation of hydroxyl radicals. The absorption spectra of the mixed solution were 

recorded using a UV–Vis spectrophotometer. And the MB degradation was tested in 5 

min. Additionally, DMPO was used as a spin trap and added to the aqueous solution 

of TCBG@PRs to detect the generation of ·OH by ESR [57]. 

2.8 Cell culture and cytotoxicity in vitro 

Mouse breast cancer 4T1 and L929 cells were provided by the Chinese Academy 

of Sciences Cell Bank (Shanghai, China). The MTT kit was used to test the 

cytotoxicity of the as-fabricated composite nanoformulation in vitro and evaluate the 

synergistic inhibitory effect of CBG@Ps, TCBG@Ps, and TCBG@PRs under NIR 

light excitation. 4T1 cells were inoculated in 96-well plates (100 μL DMEM per well) 

at 8 × 103 cells per well and then placed at 37 °C in a 5% CO2 incubator overnight for 



culture. Then, the DMEM from the upper layer of the plates was removed, and 100 μL 

of DMEM containing CBG@Ps, TCBG@Ps, and TCBG@PRs at different 

concentrations (0, 25, 50, 100, and 200 μg/mL) was added. Each group was 

additionally equipped with NIR light (808 nm, 1.0 W/cm2) irradiation. After 

incubation for 24 h, followed by washing of PBS. The MTT solution (5 mg/mL, 0.5% 

MTT) was added to the well plate and further incubated for 4 h. Then, the absorbance 

was measured at 490 nm using a microplate analyser. 

Additionally, in another cell culture group, after the DMEM of the orifice plate 

was removed, the following media were added: (1) and (2) 100 μL of DMEM; (3) and 

(4) 100 μL of DMEM containing CBG@Ps (200 μg/mL); (5) and (6) 100 μL of 

DMEM containing TCBG@Ps (200 μg/mL); and (7) and (8) 100 μL of DMEM 

containing TCBG@PRs (200 μg/mL). After culturing in an incubator for 24 h, groups 

(2), (4), (6), and (8) were stimulated with NIR light (808 nm, 1.0 W/cm2) for 10 min, 

respectively. Then, the upper medium of the pore plate was removed and washed with 

PBS. Afterwards, 100 μL of DMEM was added and cultured in an incubator for 24 h. 

The MTT solution (5 mg/mL, 0.5% MTT) was added to the well plate and further 

incubated for 4 h, and the absorbance was measured at 490 nm using a microplate 

analyser.  

2.9 Intracellular ROS detection 

To evaluate intracellular ROS generation, a confocal laser scanning microscope 

(CLSM, Axio Observer A1, Carl Zeiss) was used with the fluorescent probe 

DCFH-DA [58]. Briefly, 4T1 cells were seeded in 6-well plates, and the cells were 



collected after adding each treatment group for 6 h. After washing with PBS 3 times, 

DCFH-DA was added, and the cells were incubated at 37 °C for 30 min and washed 

three times. The level of ROS was detected under CLSM. 

2.10 Cellular uptake 

The uptake of TCBG@Ps and TCBG@PRs was observed using CLSM. 4T1 

cells were incubated at 37 °C for 24 h. The cells were then treated with 100 μL PBS, 

100 μL FITC (200 μg/mL), 100 μL TCBG@Ps-FITC (200 μg/mL), or 100 μL 

TCBG@PRs-FITC (200 μg/mL) in PBS. After incubation for 6 h, the cells were 

washed with PBS 3 times, and then 1 mL of paraformaldehyde (4%) was added. After 

incubation for 20 min, the cell nuclei were counterstained with 1 mL of DAPI solution 

for 15 min and observed by CLSM. 

2.11 Tumor model of breast cancer 

Five-week-old female BALB/c mice (SPF grade, 18-20 g) were provided by the 

Zhejiang Center of Laboratory Animals and fed under standard conditions in the 

Hangzhou Medical College Laboratory Animal Center. All animal experiments were 

approved by the Institutional Animal Care and Use Committee (acceptance number: 

ZJCLA-IACUC-20010256) and the Animal Ethics Committee of Zhejiang Sci-Tech 

University (acceptance number: 2023031402). Tumors were established by 

subcutaneous injection of 4T1 cells (5 × 105) dispersed in 50 μL of PBS into the right 

groin of each mouse. After the tumor grew to 50-100 mm3, the tumor-bearing mice 

were used in the following experiments. 

2.12 Antitumour evaluation in vivo 



The distribution of free nanocomposite in vivo was observed using a small 

animal imaging system (PerkinElmer, USA). Free Fitc-labelled TCBG@PRs were 

administered intravenously to 4T1 tumor-bearing mice. At established time points, the 

mice were dissected, and in vivo major organ imaging was recorded using a small 

animal imaging system. The established tumor-bearing mice were randomly separated 

into eight groups (3 mice in each group): (1) PBS, (2) PBS + NIR, (3) CBG@Ps, (4) 

CBG@Ps + NIR, (5) TCBG@Ps, (6) TCBG@Ps + NIR, (7) TCBG@PRs, and (8) 

TCBG@PRs + NIR, in which the NIR group was stimulated with NIR light (808 nm, 

1.0 W/cm2) for 5 min after tail vein injection for 6 h. The dosage of Tub is 2.5 mg/kg 

in mice. The real temperature and thermal image of the nanocomposite were recorded 

using an infrared thermal imager to analyse the temperature change. The 

tumor-bearing mice in each group were treated on days 0, 2, 4, 6, 8, 10, and 12. The 

body weight and tumor volume of the mice in each group were measured every 2 days. 

After euthanasia on day 12, the weight and measured size of the tumor were recorded 

by dissecting the tumor in vitro (0.5 × length × width2). 

2.13 Histological analysis of tumors 

The mice were euthanized by injection of pentobarbital sodium solution on day 

12. After the tumor was carefully extracted and fixed with 4% formaldehyde, it was 

embedded in paraffin blocks, sliced, stained with H&E, TUNEL, and Ki67 kits, and 

mounted on a slide. In addition, the heart, liver, spleen, lung, and kidney of each 

group of 4T1 tumor-bearing mice were stained with H&E. The pathological 

conditions of the tumor and main organs in the tumor-bearing mice were observed and 



analysed via microscopy. 

3. Results and discussion 

3.1 Preparation and Characterization of TCBG@PRs 

First, a hydrothermal process is used to prepare CBGs. The TEM images of the 

CBGs show the pineal morphology with voids and the laminar structure (Figure 2a) 

for drug loading. The homogeneous spherical structure of the CBGs can also be 

observed in the SEM image (Figure S1a). The CBGs have an average pore volume of 

1.11 cm3/g and a specific surface area of 489.40 m2/g, as determined by the BET test 

(Figure S2a). Due to high pore volume and specific surface area, CBGs can be used as 

carriers to load Tub. After loading with Tub, the average pore volume and specific 

surface area show a obvious decrease to 0.73 cm3/g and 387.76 m2/g (Figure S2b). In 

addition, the lamellar voids are covered in the TCBGs compared with CBGs (Figure 

S3), demonstrating the successful loading of the drug. In order to reduce leakage of 

loaded drug, the PDA layer is further uniformly coated onto TCBG@Ps by means of 

surface self-polymerization to form a distinguishable rough surface structure [57,58] 

(Figures 2b and S1b).  

An additional membrane structure can be observed around the periphery of 

TCBG@PRs (Figure 2c). The increase in particle size is caused by the lipid bilayer of 

the RBCm [61]. However, the mean hydrodynamic diameter of TCBG@PRs 

increased from 145.6 nm to 160.6 nm after camouflaging by PDA and RBCms 

(Figure S4), providing a suitable size for endocytosis. 

The zeta potentials of the TCBG@Ps and RBCms are -19.8 mV and -9.6 mV, 



respectively (Figure 2d), while after camouflaging by the RBCms, they shifted from 

-19.8 mV to -12.8 mV, which is closer to the value of the RBCms. CBGs can be 

suitable for chemical dynamic treatment (CDT) because of the doping of copper ions. 

X-ray photoelectron spectroscopy (XPS) demonstrates the presence of Cu ions in 

CBGs based on the distribution of Cu elements (Figure 2e), proving the possibility for 

chemodynamic therapy. The coexistence of Cu+ and Cu2+ ions is discovered through 

further examination of the valence states of Cu ions in CBGs (Figure 2f). 

Energy-dispersive spectroscopy (EDS) reveals the elemental composition of CBGs 

with amount of ~ 1.91 wt% copper (Figure 2g). Element mapping images show the 

uniform distribution of Si, O, C, Ca, and Cu in CBGs. The content of the surface 

membrane proteins of TCBG@PRs was analysed by Kaumas Brilliant Blue staining. 

Figure 2i shows that the protein bands remained intact, and the types and contents of 

membrane proteins were basically the same between the RBCm group and the 

TCBG@PRs group. Meanwhile, the TCBG@Ps group lacks the protein band, 

indicating that the main protein is preserved during preparation to achieve long-term 

circulation in the body. Figures S5a shows the hydrodynamic size distribution of 

TCBG@PRs over a week, no obvious changes in size is observed. In addition, only a 

slight drug release and zeta potential changes are occured (Figure S5b and c), 

indicating the excellent stability of the as-prepared TCBG@PRs. 

 



 

Figure 2. Structural characterization of CBGs, TCBG@Ps, and TCBG@PRs. (a) TEM images of 

CBGs, (b) TCBG@Ps, and (c) TCBG@PRs with a scale bar of 100 nm; (d) zeta potentials of 

TCBG@Ps, RBCm, and TCBG@PRs; (e) XPS full spectrum of CBGs and (f) Cu 2p XPS 

spectrum; (g) EDS spectrum and (h) elemental mapping images of CBGs; (i) SDS-PAGE images 

of TCBG@Ps, RBCms, and TCBG@PRs. 

 

3.2 Photothermal effect in vitro 

To assess the photothermal effect of TCBG@PRs, a 1.0 W/cm2 NIR light model 

was used as described in a previous study [62]. RBCms decomposes when exposed to 

NIR light, making the PDA in the outer layer of TCBG@PRs a suitable photothermal 

agent [63]. Using a thermal imager, the temperature changes of the TCBG@PRs 

solutions at various concentrations (0, 25, 50, 100, and 200 μg/mL) were recorded. As 

shown in Figure 3a, the temperatures of TCBG@PRs solutions are increased as the 



concentration of TCBG@PRs under NIR irradiation increases. In contrast, almost no 

temperature change has been observed for the blank solution. The temperature change 

profiles against NIR irradiation time are shown in Figure 3b. After NIR irradiation for 

10 min, the temperature of the solutions reaches 32.4, 38.7, and 43.4 °C with 

TCBG@PRs concentrations of 25, 50, and 100 μg/mL, respectively. Further 

increasing the concentration of TCBG@PRs to 200 μg/mL leads to an increase in the 

temperature of the solution to 52.5 °C under the same NIR light irradiation conditions. 

As a control, the blank PBS solution only had a slight temperature rise (2.2 °C). To 

determine the photothermal stability of TCBG@PRs, four NIR irradiation cycles (5 

and 5 min for on/off of NIR light) on the TCBG@PRs solution (200 μg/mL) were 

carried out, as shown in Figure 3c. The temperature peaks of the TCBG@PRs 

solution are 51.5, 52.6, 53.2, and 52.7 °C, showing a good photothermal stability. 

Cancer cells are easily killed at above 40 °C [64]. Therefore, the superior 

photothermal performance of the TCBG@PRs has great potential in treating cancer 

cells via PTT. 

 



Figure 3. Photothermal performance of TCBG@PRs. (a) Infrared thermal images of TCBG@PRs 

solutions at different concentrations (0, 25, 50, 100, and 200 μg/mL) under 808 nm near-infrared 

light irradiation for 0, 5, and 10 min, (b) the temperature change profiles against NIR irradiation 

for 10 min and (c) time‒temperature curve of TCBG@PRs solution (200 μg/mL) under 808 nm 

near-infrared light irradiation for 4 cycles. 

3.3 Drug release and biocompatibility in vitro 

Due to the high specific surface and pore volume, CBGs can be used as a drug 

carrier by stirring CBGs aqueous solution and Tub in DMSO solution for 24 h. The 

loading efficiency (LE %) and encapsulation efficiency (EE %) of Tub are calculated 

as 18.26% and 81.3%, respectively. CBGs have been shown to possess low chemical 

durability and to degrade in physiological media, leading to the release of the loaded 

drug. Figure 4a shows the Tub release profile by incubation of TCBG@PRs in a 

simulated tumor microenvironment at pH 5.5. In the first 4 h, 29.45% of Tub can be 

rapidly released from TCBG@PRs. The cumulative Tub release will be improved to 

67.81% up to 24 h, and ~76.01% of the released drug will be obtained after a further 

24 h incubation. Moreover, after incubation of TCBG@PRs at pH 5.5 under 808 nm 

light irradiation, more Tub can be released from TCBG@PRs in the first 8 h, with 

cumulative release to ~79.94%. It may be attributed to the faster thermal 

decomposition of the shell layer of TCBG@PRs under light irradiation. However, 

only ~15.12% of the drug can be released in PBS solution with pH 7.4. The increased 

drug release in an acidic environment can be attributed to the accelerated 

decomposition of PDA on the surface of TCBG@PRs. This phenomenon proves 

advantageous for facilitating drug release, specifically within tumor cells. Different 

concentrations of TCBG@PRs (25~400 μg/mL) were coincubated with erythrocytes 



for 6 h, and the hemolysis rates were tested to evaluate their biocompatibility in vitro. 

As shown in Figure 4b, the hemolysis rates of erythrocytes for all samples are less 

than 5% compared with pure water as a positive control, showing excellent 

biocompatibility for blood circulation. 

 
Figure 4. Drug release, biocompatibility, and ROS levels. (a) Tubercidin release profiles of 

TCBG@PRs in PBS buffer solution at pH 5.5, 7.4, and 5.5+NIR; (b) images and hemolysis rates 

of different concentrations (0, 25, 50, 100, 200, and 400 μg/mL) of TCBG@PRs solution and H2O 

in blood, the data for comparisons are shown to be significant, where *p < 0.05, **p < 0.01, and 

*** p < 0.001; (c) UV absorption spectra of MB with different concentrations of TCBG@PRs 

solution (0, 25, 50, 100, and 200 μg/mL); (d) EPR spectra of DMPO trapping ·OH in TCBG@PRs 

solution with or without H2O2; (e) CLSM images of ROS production in 4T1 cells after incubation 

under different conditions for 5 h. 

 

3.4 Hydroxyl radical (·OH) generated by TCBG@PRs in vitro 

It is well known that endogenous biological H2O2 can be converted into highly 

deadly hydroxyl (·OH) radicals to destroy tumor cells through metal ion-mediated 

Fenton or Fenton-like reactions [65]. To determine the production of ·OH, UV 

absorption was used to qualitatively compare the absorbance of MB ( λmax = 665 nm) 

after incubation with TCBG@PRs. Under the same conditions, the peak shape and 

position of MB solution have no changed within 5 min, indicating negligible MB 



degradation (Figure S6). As shown in Figure 4c, negligible changes also can be 

observed in the cases of MB solutions with or without H2O2 (1 mM). However, the 

absorbance intensity of MB will be decreased by increasing the concentration of 

TCBG@PRs increased, demonstrating that more ·OH radicals were produced by the 

reaction of TCBG@PRs with H2O2. It also indicates that TCBG@PRs can 

generate ·OH radicals to kill cancer cells by consuming of endogenous H2O2. In 

addition, using DMPO as a trapping agent, a quadruple distinctive peak of ·OH 

(1:2:2:1) can be discovered in the ESR spectrum of the solution containing 

TCBG@PRs and H2O2 (Figure 4d). However, in the case of the solution containing 

TCBG@PRs, only significant radical signals can be found, indicating the production 

of ·OH radicals in the presence of TCBG@PRs. 

Copper can kill tumor cells by producing ROS through Fenton-like reactions, 

and the DCFH-DA fluorescent probe was used to assess ROS levels in 4T1 cells 

following nanoparticle treatment. As shown in Figure 4e, no DCF fluorescence was 

detected in cells supplemented only with DCFH-DA (control), while a trace of weak 

green fluorescence signal was observed in cells treated with H2O2. However, the 

green fluorescence signal can be clearly observed in cells treated with TCBG@PRs 

and TCBG@PRs+H2O2. In addition, the green fluorescence in the TCBG@PRs+H2O2 

group is stronger, suggesting the presence of ROS as the result of Fenton-like 

reactions by the copper ions. These results suggest that TCBG@PRs have great 

potential in cancer treatment in vivo. 

3.6 Cytotoxicity assay and cellular uptake in vitro 



To investigate the biocompatibility of CBG@Ps, TCBG@Ps, and TCBG@PRs, 

the MTT assay was evaluated in vitro. As shown in Figure 5a, CBG@Ps exhibited 

higher cell viability even when the concentration increased to 200 μg/mL, indicating 

the lower cytotoxicity of the drug carriers. In the cases of TCBG@Ps and 

TCBG@PRs, the cell viabilities are less than 36%, and 4T1 cell termination is 

increased as TCBG@Ps or TCBG@PRs concentration increased, further confirming 

the antitumor drug Tub successful loading of antitumour drugs into CBG@Ps. In 

addition, the cytotoxicity is further enhanced under NIR irradiation due to the 

photothermal effect of PDA (Figure 5b). Figure 5c shows the cell viability of 4T1 

cells coincubated with different materials under the same concentration conditions. 

Tub-loaded composite nanoparticles with or without NIR irradiation exhibit low cell 

viability (≦27%), and relatively lower cell viability can be found with NIR 

irradiation. In addition, composite nanoparticles encapsulated by RBCms and NIR 

light irradiation (TCBG@PRs+NIR group) had the lowest cell survival rate (3.37%), 

demonstrating the synergistic effects of targeting RBCms, photothermal effect of 

PDA, chemodynamic effect of copper ions, and pharmaceutical effect of Tub. CLSM 

was further used to observe the subcellular drug distribution and release in cells 

treated with composite nanoparticles.  

As shown in Figure 5d, after incubation for 6 h, the TCBG@PRs+FTIC group 

shows a higher green fluorescence signal in 4T1 cells than the TCBG@Ps+FITC 

group, further indicating that the RBCms coating onto the surface of composite 

nanoparticles is beneficial to cellular uptake and enhance the accumulation of 



composite nanoformulation at tumor cells. In addition, after 24 h of incubation with 

L929 cells, the cell viability of TCBG@PRs are above 70%, exhibiting a 

non-cytotoxic property (Figures S7a and b). These results demonstrate that 

as-fabricated composite nanoformulation for synergistic therapy shows a good 

biocompatibility. 

 

Figure 5. Cytotoxicity assay and cellular uptake. (a) Cell viability of 4T1 cells treated with 

different concentrations (0, 25, 50, 100, and 200 μg/mL) of CBG@Ps, TCBG@Ps, and 

TCBG@PRs without or with (b) NIR light irradiation; (c) Cell viability of 4T1 cells coincubated 

with PBS, CBGs@P, TCBG@Ps, and TCBG@PRs at a concentration of 200 μg/mL with or 

without NIR light irradiation; (d) Laser confocal images of 4T1 cells coincubated with PBS, FITC, 

TCBG@Ps-FITC, and TCBG@PRs-FITC for 6 h. The data for comparisons are shown to be 

significant, where *p < 0.05, **p < 0.01, and *** p < 0.001. 

 

3.7 Antitumour effects in vivo 

To determine the optical time for NIR light treatment, the dispersion of 

FITC-labelled TCBG@PRs in the bionic system was analysed in vivo in a 4T1 



tumor-bearing mouse model at different time intervals. As shown in Figure 6a, bright 

fluorescence at the tumor site can be observed after tail vein injection for 6 h, 

indicating the tumor accumulation of TCBG@PRs. Therefore, after drug injection 6 h 

is selected as the suitable time for NIR irradiation in antitumor operation in vivo. 

However, the liver and kidney shows a weak fluorescence after tail vein injection for 

6 h due to the rapid uptake and elimination of Tub [66]. The camouflage of the 

RBCms allows more drug to accumulate at the tumor site, leading to a relative weaker  

accumulation in liver and kidney sites. In addition, a strong fluorescence signal can be 

maintained even after injection for 24 h, indicating that the TCBG@PRs are able to 

prolong drug residency at the tumor site. 

The photothermal performance of the as-fabricated composite nanoparticles in 

vivo was evaluated using infrared thermography. As shown in Figure 6b, the tumor 

temperatures in the TCBG@Ps, CBG@Ps, and PBS groups were 48.3 °C, 47.6 °C, 

and 34.4 °C, respectively. The temperature of the TCBG@PRs nanoparticle group 

quickly rose to 46.6 °C after 5 min of light exposure and reached 53.6 °C after 10 min. 

Considering that the extremely high temperature (above 50 °C) could generate 

immunosuppressive cytokines, immune escape of tumor cells, and damage to normal 

tissues [67], we chose NIR exposure for 5 min in the phototherapeutic experiments. 

To investigate antitumor phototherapy in vivo, we established a 4T1 

tumor-bearing mouse model by subcutaneous injection of 4T1 cells (1 × 106 cells per 

mouse) into the right flank. When the tumor volume reached ~50 mm3, the mice were 

randomly divided and treated with PBS, CBG@Ps, TCBG@Ps, and TCBG@PRs 



with or without NIR laser irradiation (808 nm, 1.0 W/cm2, 10 min) at 6 h after the 

injection. During the treatment, the mice have almost no weight fluctuation except in 

the PBS and CBG@Ps groups (Figure 6c). Then, tumor weight and tumor volume 

were monitored in the following 12 days. Tumor growth was slightly inhibited in the 

TCBG@Ps and TCBG@PRs groups but obviously inhibited in the TCBG@PRs plus 

NIR exposure group (Figure 6d and e). 

 

 



 

Figure 6. Antitumor effects in vivo (a) Ex vivo fluorescence images of major organs and tumor 

tissue of tumor-bearing mice at different injection times; (b) Thermal image of the tumor-bearing 

mice at 6 h postinjection of CBG@Ps, TCBG@Ps, and TCBG@PRs under continuous NIR light 

irradiation for 10 min; (c) Tumor weight of mice under different treatment conditions after 12 days; 

(d) Time-tumor volume curve under different treatment conditions; (e) Images of tumor tissue 

morphology of mice treated under different conditions after 12 days; (f) Time-body weight curve 

of mice under different treatment conditions. The data for comparisons are shown to be significant, 

where *p < 0.05, **p < 0.01, and *** p < 0.001. 

 

The results indicate that chemotherapy or NIR irradiation alone cannot achieve 

the efficient antitumor effects. As expected, the synergetic effect of photoinduced and 

red blood cell membrane-camouflaged nanocomposites was observed in the 



TCBG@PRs + NIR group. On the 12th day, the tumor weight of mice in the 

TCBG@PRs + NIR group was 3.4-fold lighter than that of mice in the PBS group. 

Digital photo of dissected tumors from all groups directly shows that the TCBG@PRs 

plus NIR laser irradiation group achieves the highest antitumor efficacy (Figure 6f). 

In the H&E staining images of the tumor sections (Figure 7a), for 4T1 tumors 

receiving PBS as the control, most of the cancer cells retained their normal 

morphology, whereas the tumor cells were partly destroyed and became necrotic in 

the single chemotherapy or photothermal treatment groups. Upon laser irradiation, 

tumors treated with TCBG@Ps plus NIR laser irradiation showed more extensive 

apoptosis and necrosis than those treated with either TCBG@Ps or CBG@Ps + NIR. 

In addition, the tumor cells were also partly destroyed in the TCBG@PRs group due 

to the stronger cellular uptake effect. Most of the tumor cells in the TCBG@PRs + 

NIR group exhibited the most extensive apoptosis and necrosis in all groups. 

Additionally, TUNEL immunofluorescence staining also manifested the highest 

percentage of apoptotic cells in the same group, as verified by the most prevalent and 

vivid green fluorescence (Figure 7b). Furthermore, Ki67 immunohistochemical 

staining also confirmed the highest proliferative activity reduction of 4T1 cells 

subjected to TCBG@PRs+NIR treatment, confirming its capability in preventing 

tumor metastasis. These results indicate that red blood cell membrane-camouflaged 

composite nanoparticles (TCBG@PRs) plus NIR irradiation cause severe tumor tissue 

damage and lead to pronounced tumor inhibition efficacy. In addition, the main 

organs, including the heart, liver, spleen, lung, and kidney, were collected for 



pathological analysis. The H&E staining results of tissues demonstrated that the red 

blood cell membrane-camouflaged composite nanoparticles (TCBG@PRs) plus NIR 

irradiation did not lead to obvious pathological abnormalities in the major organs, 

indicating biosafety for the treatment (Figure S8). 

 

Figure 7. (a) H&E staining, (b) TUNEL staining and (c) Ki67 staining images of tumor tissue 



extracted from tumor-bearing mice treated under different conditions for 12 days. The green and 

brown areas indicate TUNEL-positive and Ki67-positive staining, respectively. 

4. Conclusions 

In summary, a red blood cell membrane-camouflaged composite 

nanoformulation as an antitumor agent was successfully constructed for targeted and 

synergetic cancer therapy by a combination of chemo, chemodynamic, and 

photothermal therapy. The camouflaging of red blood cell membrane onto the surface 

of the composite nanoformulation was beneficial to elude immune clearance, leading 

to stronger cellular uptake and long-term retention at the tumor site. The as-fabricated 

composite nanoformulation showed NIR photothermal-responsive capability both in 

vitro and in vivo. The doped copper ions could generate ·OH radicals to kill cancer 

cells by consuming endogenous H2O2. Under NIR irradiation, the as-fabricated 

composite nanoformulation could obviously inhibit tumor growth and achieve 

efficient antitumor effects by synergetic effects. We anticipate that this red blood cell 

membrane-camouflaged composite nanoformulation will provide a promising strategy 

for cancer theranostic applications. 
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