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Abstract: Herein, we developed curcumin (Cur)-loaded porous poly(lactic-co-glycolic acid) 

(pPLGA) nanoparticles (NPs) by the nanoprecipitation method. Dopamine (DA) was then self-

polymerized to form a polydopamine (PDA) layer on the surface of the NPs, yielding 

Cur@pPLGA/PDA NPs able to act as both chemotherapeutic and photothermal agents. These NPs 

were further camouflaged with the red blood cell membrane (RBCM) to construct RBCM-

Cur@pPLGA/PDA NPs. The RBCM-pPLGA/PDA NPs were around 200 nm in size, demonstrated 

photothermal performance in the NIR region with a potent photothermal conversion efficiency 

(35.2%). The blank carrier has favorable cytocompatibility, but when drug loaded can efficiently 

induce the death of cancer cells (particularly when combined with an NIR laser treatment). Cellular 

uptake results revealed greater in vitro uptake of RBCM-Cur@pPLGA/PDA NPs than bare 

Cur@pPLGA/PDA NPs in the case of cancer cells, but reduced macrophage phagocytosis. In vivo 

studies in mice showed the RBCM-Cur@pPLGA/PDA NPs exhibited prolonged blood circulation 

times and superior photothermal effect (>43 ℃) for tumor specific chemo-photothermal therapy. 

The RBCM-Cur@pPLGA/PDA NP platform presents great potential for targeted synergistic cancer 

treatments.

Keywords: Red blood cell membrane, Biomimetic, Polydopamine, Curcumin, Chemo-

photothermal therapy
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Introduction 

Photothermal therapy (PTT) has attracted much attention currently because it offers the 

potential for non-invasive cancer treatment without off-target toxicity. PTT relies on the 

photothermal conversion of across visible to near-infrared (NIR) light into heat, with the latter used 

to drive local tumor ablation. If the process is well controlled, this can be done with minimal heating 

damage to adjacent healthy tissues. To progress PTT, extensive research has been undertaken into 

effective NIR light absorbing agents such as graphene oxide 1, 2, gold nanostructures 3, 4, copper 

chalcogenides 5, , and MoS2 6. However, there are a number of problems with using such materials. 

Most, particularly those based on inorganic nanoparticles (NPs) are not biodegradable, which means 

there is a potential risk of accumulation in vivo. Further, the heating produced by the incident NIR 

beam is focused on a central point and decreases moving away from this. Hence, cancerous cells 

some distance from the focus of the beam may be damaged but not killed by the hyperthermia 

induced. To address these challenges, combining multiple therapies into a single formulation can be 

considered, for instance in chemo-photothermal therapy. This augments PTT with chemotherapy to 

improve the efficiency of cancer treatment 7.

Polydopamine (PDA) is a versatile surface coating agent which has recently drawn substantial 

research interest 8-10. PDA is a naturally occurring melanin-like substance and exhibits excellent 

biocompatibility, rendering it promising for potential clinical applications 11. PDA also effectively 

absorbs NIR over a broad spectral range 9, 12. However, PDA-based nanoparticles (NPs) often face 

problems with poor stability in vivo. Much recent approaches have focused on using hydrophilic, 

neutral charged surface modifiers such as poly(ethylene glycol) (PEG) to address these issues 13, 14. 

Unfortunately, PEG surface functionalization can also impede NP uptake by cancerous cells 15. 
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There is thus a need to improve NP stability while also maintaining or enhancing cellular uptake. 

One possible approach to this challenge is to use cell membrane biomimetic nanocarriers 16. 

These possess excellent biocompatibility, immunomodulatory effect, prolonged systemic 

circulation and endogenous tumor-targeting ability 17-21. Systems derived from red blood cells 

(RBCs) have been particularly explored in medicines development 22. They enjoy prolonged 

systemic circulation times, and since they are endogenous cells with inherent biocompatibility and 

low immunogenicity 23-25. Therefore, using the RBC membrane (RBCM) to coat drug delivery 

systems (DDSs) is a powerful approach to realize enhanced therapeutics 23, 24. The 

immunomodulatory protein CD47 presented on the RBCM sends “don’t eat me” signals to 

macrophages 26. Consequently, RBCM-cloaked materials can serve as considerable drug carriers in 

vivo, avoiding phagocytosis and achieving enhanced passive targeting of tumors 27-29.

In this work, we report RBCM-biomimetic PDA-based nanoparticles, as shown in Scheme 1. 

First, porous NPs based on the biodegradable polymer poly(lactide-co-glycolide) (PLGA) and 

loaded with the anti-cancer drug curcumin were developed. A PDA layer was then deposited on the 

surface of the Cur@pPLGA NPs. Subsequently, the particles were cloaked with the RBCM, giving 

RBCM-Cur@pPLGA/PDA NPs. The formulations were characterized in detail and their potential 

in cancer therapy explored both in vitro and in vivo. 
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Scheme 1. The preparation of RBCM-Cur@pPLGA/PDA NPs and in vivo chemo-photothermal 

therapy.

EXPERIMENTAL SECTION

Materials and Reagents. PLGA (lactide: glycolide 50:50, Mw = ~21,000) was procured from Jinan 

Daigang Biological Engineering Co., Ltd. (Jinan, China). Curcumin, dopamine hydrochloride, 

tris(hydroxymethyl)aminomethane, dimethylsulfoxide (DMSO), H2O2 (30% v/v) and vitamin E 

polyethylene glycol succinate (TPGS) were purchased from Aladdin (Shanghai, China). Hoechst 

33342, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Protease inhibitor and membrane protein extraction kit were 

procured from Phygene Life Sciences (Fuzhou, China). Dulbecco’s Modified Eagle medium 

(DMEM), fetal bovine serum (FBS), phosphate buffered saline (PBS, pH = 7.4), penicillin, 
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streptomycin and trypsin-EDTA were obtained from Gibco (Carlsbad, CA, USA). A TUNEL 

staining kit was obtained from Wuhan Servicebio Technology Co., Ltd (Wuhan, China). H22 

(murine hepatocellular carcinoma), RAW264.7 (murine macrophage) and L929 (mouse fibroblast) 

cells were provided by the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, 

China). All other reagents and chemicals were used as obtained without further purification. 

Preparation of Cur@pPLGA/PDA NPs. Drug-loaded porous PLGA (pPLGA) NPs were prepared 

using the nanoprecipitation method, as described previously 30. Briefly, 50 mg curcumin, 20 mg 

TPGS and 100 mg PLGA were dissolved in 10 mL acetone. The obtaining mixture was added into 

50 mL of deionized water under stirring. The Cur@pPLGA NPs were collected after centrifugation 

and washed repeatedly with deionized water to remove TPGS and create a porous structure. The 

supernatant was collected and diluted with methanol. Finally, the curcumin loading was quantified 

using a UV-vis spectrophotometer based on the curcumin calibration curve (in water). The curcumin 

encapsulation efficiency (EE %) and loading content (LC %) were calculated as follows:

EE% = 
mass of curcumin in NPs

total mass of curcumin in feed × 100%

LC% = 
mass of curcumin in NPs

total mass of NPs × 100%

The precipitate was re-dispersed in Tris-buffer (100 mL), and dopamine hydrochloride 

(DA•HCl) (100 mg) added under stirring (400 rpm) for 3 h. Any unreacted DA was removed by 

centrifugation, resulting in Cur@pPLGA/PDA NPs. Blank pPLGA and pPLGA/PDA NPs were 

prepared using the same procedures as above but omitting curcumin. In all cases, the pPLGA 

suspensions were freeze dried to prepare dry powers. The surface area and pore size of these were 

measured by automated Area and Pore size analyzer (Autosorb-iQ, Quantachrome Instruments, 

Boynton Beach, FL, USA).
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Preparation of RBCM-Cur@pPLGA/PDA NPs. Fresh whole mouse blood was firstly extracted 

from female SD mice (specific pathogen-free grade, 180-200 g) were obtained from Shanghai 

SLAC Laboratory Animal Co., Ltd (Shanghai, China). The whole blood was transferred into an 

anticoagulant-coated tube and centrifuged (3000 rpm) for 5 min at 4 °C. The precipitate was 

collected after discarding the plasma and leukocytes coat, then washed with PBS three times. The 

resultant RBCs underwent a freeze-thaw process to induce membrane rupture. The released 

hemoglobin was removed by repeated centrifugation (4,000 rpm) at 4 °C until the supernatant was 

colorless. The resultant RBCMs were stored in PBS (pH = 7.4) containing protease inhibitor (2 mM) 

at −80 °C for further use.

RBCM-Cur@pPLGA/PDA NPs were prepared following a literature protocol 31. 4 mL of a 2 

mg/mL aqueous suspension of Cur@pPLGA/PDA NPs was mixed with RBCM derived from 1 mL 

of whole blood under magnetic stirring for 30 min, followed by a sonication process (40 kHz, 100 

W) for 5 min obtaining RBCM-Cur@pPLGA/PDA NPs. Drug-free RBCM-pPLGA/PDA NPs were 

prepared using the same protocol but with pPLGA/PDA NPs as the starting material.

Characterization. Zeta potential and dynamic light scattering (DLS) data on the pPLGA, 

pPLGA/PDA, Cur@pPLGA/PDA and RBCM-Cur@pPLGA/PDA NPs were measured using a 

Zetasizer Nano ZS system (Malvern Instruments, Malvern, UK). Transmission electron microscopy 

(TEM) images were obtained using a JEOL 2010F instrument (Hitachi, Tokyo, Japan). UV-vis 

absorption spectra were collected on a UV-1800 spectrophotometer (UNICO, Shanghai, China). X-

ray photoelectron spectroscopy (XPS) was undertaken on an Escalab 250Xi instrument 

(ThermoFisher, Waltham, MA, USA). Fourier transform infrared (FT-IR) spectra were acquired 

with a Nexus 870 spectrometer (Nicolet Instruments Inc., Madison, WI, USA). 
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RBCM protein analysis. The cell membrane proteins present in the RBCM-Cur@pPLGA/PDA 

NPs were assessed by the SDS-PAGE electrophoresis assay. The NPs were first centrifuged at 

16,000 rpm in 10% w/v aqueous sucrose for 30 min, and proteins extracted using a Membrane 

Protein Extraction kit before separation by SDS-PAGE. Purified RBCM was used as a control, and 

all samples were normalized for equal protein concentrations using a Pierce BCA protein assay kit. 

The key immunomodulatory protein CD47 in RBCM was further examined by western blotting. 

Mouse anti-human CD47 was used as a primary antibody, with goat anti-rat HRP-conjugated 

secondary antibodies. 

Photothermal effects. To measure the photothermal conversion efficacy, 1 mL of RBCM-

Cur@pPLGA/PDA NPs suspensions at concentrations ranging from 0.1 to 2.0 mg/mL were charged 

into an Eppendorf tube and exposed to NIR laser irradiation (808 nm, 1 W/cm2) for 5 min. The 

influence of the laser power density was ascertained by irradiating 1 mL suspension of RBCM-

Cur@pPLGA/PDA NPs (1.0 mg/mL) under different power densities from 0.5 to 2.0 W/cm2. To 

further determine the thermal stability, the materials was irradiated at 1.5 W/cm2 for 5 min over five 

on–off cycles. In addition, the temperature of a RBCM-Cur@pPLGA/PDA suspension (1 mg/mL) 

was monitored under continuous NIR laser irradiation at 1 W/cm2 for 10 min using an infrared 

thermal imaging system (GX-A300, Shanghai Guixin Corporation, Shanghai, China). Blank PBS 

was employed as a control. The photothermal conversion efficiency of RBCM-Cur@pPLGA/PDA 

was calculated using the following equation: 

𝜂 =
ℎ𝑆(𝑇𝑚𝑎𝑥 ― 𝑇𝑎𝑚) ― 𝑄0

𝐼(1 ― 10 ―𝐴)

where h is the heat transfer coefficient, S is the surface area, Tmax is the maximum equilibrium 

temperature, Tam is the ambient surrounding temperature and I is the laser power. A is the absorbance 
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of the sample solution at 808 nm, and Q0 represents the heat absorption of the quartz cell.

Drug release. PDA-based NPs can be degraded by H2O2 
32. Interestingly, compared to normal cells, 

the tumor cells overexpress H2O2 at a generation rate of 5 nmol/105 cells per hour 33. The effect of 

H2O2 and temperature (given that this will rise in PTT) on the release behavior of the formulations 

was thus investigated. 2.0 mL of a 2 mg/mL suspension of RBCM-Cur@PLGA/PDA NPs was 

loaded into the dialysis bag (Mw = 8000-14000 kDa) and then suspended in PBS (18 mL) with or 

without H2O2 at a concentration of 10 mM. The samples were incubated at 37 °C or 45°C with 

shaking (120 rpm). At pre-determined time, Aliquots (n=3) were withdrawn from the external 

medium and an equal volume of fresh pre-heated buffer was replaced into the release system. The 

amount of curcumin released was determined by UV-vis spectroscopy at λmax of 425 nm. 

Cellular uptake. The uptake of Cur@pPLGA/PDA and RBCM-Cur@pPLGA/PDA NPs was 

observed using a confocal laser-scanning microscope (CLSM; LSM 700, Carl Zeiss, Oberkochen, 

Germany) equipped with an argon blue laser light (488 nm). RAW 264.7 or H22 cells were 

incubated at 37 °C for 24 h. The cells were then treated with 200 μg/mL Cur@pPLGA/PDA or 

RBCM-Cur@pPLGA/PDA suspensions in PBS. After another 2 h incubation, the cells were washed 

twice with PBS, and 1 mL of glutaraldehyde (2.5%) was added. After kept for 15 min at 4 °C, the 

cell nuclei were counterstained with 0.5 mL Hoechst 33342 (10 μg/mL) for 5 min and observed by 

CLSM.

Flow cytometry analysis was also performed. The H22 cells were incubated in six-well plates 

for 24 h. After removal of the medium, 1.8 mL of FBS-free DMEM and 200 μL of PBS or 

suspensions of Cur@pPLGA/PDA and RBCM-Cur@pPLGA/PDA NPs (2 mg/mL) were added, 

and the cells cultured for another 4 h. The cells were detached with 0.25% w/v trypsin-EDTA and 
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collected by centrifugation (3000 rpm, 3 min). The pellet dispersed in 500 μL of PBS after 

discarding supernatant. Finally, the cellular uptake was determined by flow cytometry. 

Cytocompatibility and cytotoxicity. MTT assay was used to evaluate the cell viability. L929 cells 

and H22 cells were seeded into each well of a 96-well plate at a density of 1 × 104 cells / well, and 

incubated for 24 h. To evaluate the cytocompatibility of pPLGA/PDA and RBCM-pPLGA/PDA 

NPs, the initial incubation the medium was replaced with 200 µL of fresh medium containing 

different concentration of RBCM-pPLGA/PDA NPs, and the cells were further cultured for 24 h. 

For cytotoxicity experiments, after the first 24 h culture period the initial medium was 

discarded and H22 cells treated with fresh medium containing free Cur, Cur@pPLGA/PDA, 

RBCM-Cur@pPLGA/PDA or RBCM-Cur@pPLGA/PDA in combination with exposure to an 808 

nm laser. Laser irradiation (1 W/cm2, 5 min) was applied 2 h after adding the formulations to the 

cells. Experiments were performed at a range of Cur concentrations. 

For both cytocompatibility and cytotoxicity work, after the cells had been exposed to the 

formulations for 24 h, the cell viability was assessed using a MTT assay according to previous 

protocols 20.

In vivo murine tumor model. All animal experiments were conducted with full authorization 

approved by the Committee for Experimental Animal Welfare and Ethics of Yunnan University of 

Traditional Chinese Medicine. 40 ICR female mice (SPF grade, 18–20 g) were acquired from 

Jiangsu KeyGEN BioTECH Co. Ltd (Nanjing, China). Tumors were developed by subcutaneous 

injection of H22 cells (1 × 106) dispersed in 100 μL of PBS into the right front limb armpit of each 

mouse.

NIR imaging in vivo. For these experiments, after H22 cell inoculation, the tumors were allowed 
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to grow to ∼200 mm3 in volume (calculated as length × width2/2). Mice were then randomly divided 

into two groups (n = 3) receiving intravenous injections of (1) 200 μL PBS; (2) 200 μL RBCM-

Cur@pPLGA/PDA NPs (2 mg/mL) in PBS. Mice were anesthetized 24 h post-injection 9, and then 

given 10 min of laser irradiation (808 nm, 1 W/cm2) focused on the tumor. At given time points, 

NIR images were monitored and imaged with a FLIR Automated & Scientific Camera.

In vivo antitumor efficacy and safety evaluation. When tumor volume reached ca. 60 mm3 after 

H22 cell implantation, the mice were then randomly divided into five treatment groups (5 mice per 

group): (1) PBS; (2) free curcumin; (3) Cur@pPLGA/PDA NPs; (4) RBCM-Cur@pPLGA/PDA 

NPs; (5) RBCM-Cur@pPLGA/PDA NPs + laser. All groups bar group (1) received a curcumin dose 

of 2 mg/kg by intravenous injection every two days. The tumors in group (5) were additionally 

irradiated with an 808 nm NIR laser (1W/cm2) for 5 min 24 h after injection. The tumor volumes 

and body weight were recorded every two days. 

After 16 days, blood (0.5 mL) was withdrawn from three mice in each group via heart puncture. 

The blood samples were centrifuged (3500 rpm, 15 min) at 4 °C to obtain serum. The alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (CREA), and urea nitrogen 

(BUN) was then analyzed by an automatic biochemistry analyzer (Hitachi, Tokyo, Japan). 

All the mice were then sacrificed, and the tumors and major organs were immediately excised 

and performed for H&E staining. Tumor tissues were further studied with TUNEL staining.

In vivo pharmacokinetics. Swiss mice (8 weeks old, n=3) were obtained from Jiangsu KeyGEN 

BioTECH Co. Ltd and intravenously injected with a suspension of Cur@pPLGA/PDA or RBCM-

Cur@pPLGA/PDA NPs in PBS (dose of Cur: 2 mg/kg). At predetermined time points, 20 μL blood 

samples were extracted from the ocular vein and dispersed in lysis buffer (0.5 mL; 1% w/v SDS, 1% 
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w/v Triton X-100, 40 mM tris acetate) for fluorescence measurements at 530 nm. The data were 

then normalized for ease of presentation. Pharmacokinetic parameters were calculated based on 

fitting a two-compartment model.

RESULTS AND DISCUSSION

Preparation and characterization of NPs. TEM images of the Cur@pPLGA NPs show the 

spherical morphology (Figure 1a). Their small size means that the pores cannot be resolved in the 

image, but nitrogen absorption measurements confirmed them to have porosity with most pores < 6 

nm in size (see Figure S1, Supporting Information). In a weakly alkaline and aerobic conditions, 

dopamine molecules can be self-polymerized to form a PDA layer at the exterior of the 

Cur@pPLGA NPs. This can be seen in Fig. 1b, where a thin layer on the surface of the Cur@pPLGA 

NPs is clearly observed. The PDA coating is also clear from the FT-IR spectra given in Figure S2. 

In addition to PLGA vibrations, the spectrum of the PDA coated particles shows additional 

absorption bands at ca. 750 cm -1, 1500 cm -1, and 1600 cm -1. These are ascribed to the benzene 

ring of PDA. Additional evidence for PDA coating is seen in XPS spectra (see Figure S3). The 

pPLGA/PDA NPs showed a distinct N1s peak at ∼399.6 eV, while pPLGA displayed no peaks in 

this region.

After RBCM cloaking by sonicating a mixture of Cur@pPLGA/PDA NPs and RBCM 

fragments, an additional membrane structure could be observed around the periphery of the 

Cur@pPLGA/PDA NPs (Figure 1c). The zeta potentials of the pPLGA NPs and pPLGA/PDA NPs 

are approximately −15 mV and −25 mV respectively (Figure 1d), while after RBCM coating the 

latter is raised slightly to ca. −20 mV. This value is essentially the same as that of the RBCM itself 

(−19 mV). SDS-PAGE electrophoresis revealed that the protein composition of the RBCM was 

Page 12 of 33

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

largely preserved in the RBCM-Cur@pPLGA/PDA NPs (Fig. S4a). Western blotting results (Figure 

S4b) exhibit CD47 bands with both RBCM and RBCM-Cur@pPLGA/PDA NPs. This 

immunomodulatory protein hides cells from immune detection by sending “don’t eat me” signals to 

macrophages, and its presence indicates the RBCM should provide stealth properties to the NPs. 

The hydrodynamic size of Cur@pPLGA NPs was found to be 164 ± 8 nm, while the 

Cur@pPLGA/PDA analogue lies at 190 ± 5 nm and the RBCM-Cur@pPLGA/PDA NPs have sizes 

of 220 ± 4 nm, as determined by DLS (Figure 1e). As increasing layers of surface coating are applied, 

the NPs thus become larger, as would be expected. The coated RBCM-Cur@pPLGA/PDA NPs 

could be dispersed in DMEM buffer without aggregation over time, exhibiting considerable stability. 

In contrast, the Cur@pPLGA/PDA NPs aggregated severely after 2 h (Figure S5). The RBCM 

coating clearly imparts the formulation with much improved storage stability.

Figure 1. Characterization data for the NPs. TEM images of (a) Cur@pPLGA, (b) 
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Cur@pPLGA/PDA and (c) RBCM-Cur@pPLGA/PDA NPs; (d) Zeta potential values of the RBCM, 

Cur@pPLGA, Cur@pPLGA/PDA and RBCM-Cur@pPLGA/PDA NPs at pH=7.4; (e) DLS sizes 

of the NPs in water.

Photothermal effects. The photothermal conversion efficiency of PDA-based NPs was 

systematically investigated. As shown in Figure 2a, the RBCM-Cur@pPLGA/PDA aqueous 

solution displayed a concentration-dependent photothermal heating effect. A temperature increases 

to 53.8 °C was observed at a concentration of 2 mg/mL under irradiation (1 W/cm2) for 5 min, while 

the temperature of PBS only increased by 1.5 °C under the same conditions. Using a suspension at 

1.0 mg/mL an increase of laser power density ranged from 0.5 to 2.0 W/cm2 (Figure 2b) also led to 

notable and power-dependent rises in temperature. The photothermal conversion efficiency of the 

RBCM coated NPs at 808 nm was calculated to be 35.2%. This is notably higher than reported in 

most literature studies, for instance with Au nanorods (η = 21%) 34 or semiconducting polymer 

conjugates (η = 20%) 35. The dispersion shows excellent photothermal stability over five on/off 

cycles of laser irradiation (Figure 2c). Photothermal heating photographs recorded using an IR 

camera (Figure 2d) confirm these findings visually. After irradiation for 10 min, the temperature of 

the suspension increased up to 52.4 °C (see Figure 2e), showing the formulation to have potential 

for PTT treatment of cancer. 
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Figure 2. Temperature vs time plots of RBCM-Cur@pPLGA/PDA suspensions (a) at different 

concentrations under a laser power density of 1 W/cm2 for 5 min, and (b) of a 1.0 mg/mL RBCM-

Cur@pPLGA/PDA suspension exposed to varied laser power densities for 5 min. (c) A plot showing 

the temperature changes of an 1.0 mg/mL suspension of RBCM-Cur@pPLGA/PDA irradiated by 

an 808 nm laser (1.5 W/cm2) over five on–off cycles. (d) Photothermal images and (e) temperature 

variation curves for PBS and the RBCM-Cur@pPLGA/PDA NPs (1.0 mg/mL) under continuous 

NIR laser irradiation (1 W/cm2) for 10 min.

Drug release in vitro. The Cur EE%, LC% of the RBCM-Cur@PLGA/PDA NPs were found to be 

75.5 ± 1.5% and 6.15 ± 0.6% w/w. 

Drug release profiles are presented in Figure S6. The Cur@pPLGA/PDA NPs exhibited 

temperature- and H2O2-sensitive drug release. Curcumin was slowly released from the NPs in 37 ℃ 

PBS, with only ca. 23 ± 3% of the incorporated drug released after 48 h. However, more rapid and 

extensive drug release (ca. 66 ± 4% in 48 h) occurred at 45 ℃, which higher the Tg of PLGA NPs, 

and thus accelerated the degradation of the PLGA cores 36. Moreover, a higher still release (more 
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than 87% in 48 h) was noted after adding 10 mM H2O2. This can be ascribed to the degradation of 

the PDA coating in the presence of H2O2. The conditions used here are representative of the intended 

therapeutic environment: 10 mM H2O2 is representative of the tumor microenvironment 32, and the 

temperature of the tumor will reach > 43 ºC during PTT. After RBCM coating, the drug release rate 

is mildly inhibited, which is ascribed to the external lipid bilayer blocking the curcumin release 

(resulting in ca. 80 ± 4% release after 48 h). These data confirm that the RBCM-Cur@pPLGA/PDA 

NPs can provide targeted drug release and should be able to eliminate off-targeted effects 8. 

Cellular uptake in vitro. As depicted in Figure 3, strong curcumin (green) fluorescence was visible 

in the cells after they had been incubated for 2 h with the RBCM-Cur@pPLGA/PDA system. 

Minimal green fluorescence can be seen in the case of H22 cells treated with bare 

Cur@pPLGA/PDA NPs however. This is because of the presence of the RBCM cloaking on the 

NPs: both this and the cancer cell membrane comprise phospholipid bilayers, and thus there is 

enhanced endocytosis with the RBCM-coated formulation 37. 

After incubation with the RBCM coated NPs, RAW264.7 cells showed only weak green 

fluorescence (Figure 3), however, greater uptake was observed using the uncoated 

Cur@pPLGA/PDA NPs. The lack of uptake by RAW264.7 (macrophage) cells arises because the 

expressed CD47 proteins of RBCM-coated nanoparticles from the RBCM at their exterior. This 

results in their selective uptake by cancer cells but not by phagocytic cells of immunity. The CD47 

at the NP surface mimics the surface properties of the host cell, and the NPs thereby circumvent 

uptake by macrophages and send a “don't eat me” signal to the host 38. Hence, the RBCM coating 

on the surface of the PLGA/PDA NPs is likely to extend their half life in vivo and thus to lead to 

more effective therapy of cancer.
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The enhancement of H22 cell uptake with the RBCM coating is confirmed by flow cytometry 

(Figure S7). Uptake of RBCM-Cur@pPLGA/PDA NPs was found to be around 7.6-fold greater 

than with the uncoated analogue. This RBCM biomimetic camouflaging clearly contributes to 

highly specific cell uptake, avoiding the non-specific uptake which is typically seen with traditional 

surface modifications 39, and performs better than PEG or lipid coatings 22, 40.

Figure 3. CLSM images of H22 cells and RAW264.7 cells following 2 h of exposure to 
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Cur@pPLGA/PDA or RBCM-Cur@pPLGA/PDA NPs. Scale bar: 20 μm.

In vitro cytotoxicity. The cytocompatibility of the RBCM-pPLGA/PDA NPs was evaluated with 

L929 cells and H22 cells. As depicted in Fig. 4a and Figure 4b, the blank RBCM-pPLGA/PDA NPs 

had minimal effects on the viability of either healthy (L929) or cancerous (H22) cells. The cell 

viability was greater than 90%, even at concentrations of 500 μg/mL. The carrier material can thus 

be said to have good cytocompatibility. 

Data for the cytotoxicity in vitro of the Cur-loaded formulations on H22 cells are given in 

Figure 4c. The half maximal inhibitory concentrations (IC50) of free curcumin, Cur@pPLGA/PDA 

NPs and RBCM-Cur@pPLGA/PDA NPs to H22 cells were calculated to be 14.66 μg/mL, 10.99 

μg/mL and 8.13 μg/mL, respectively. Cell viability decreases with an increased concentration of 

curcumin, and at 20 μg/mL values of 40.7%, 35.5% and 25.8% were recorded for free Cur, 

Cur@pPLGA/PDA and RBCM-Cur@pPLGA/PDA NPs. Both sets of NPs are more effective at 

inducing cell death than free Cur, and the PDA shielded PLGA NPs could attribute to the 

endocytosis by cells 9, while the RBCM coating clearly enhances the cytotoxic effects of the 

nanoparticles. The addition of NIR irradiation further promoted cytotoxic activity, with the lowest 

cell viability of ~15% obtained using NIR and RBCM-Cur@pPLGA/PDA NPs at a Cur 

concentration of 20 μg/mL. Compared to a previous study in which we made similar particles loaded 

with curcumin but without PTT activity 41, the synergistic chemo-photothermal approach clearly 

affords improved antitumor efficacy. 
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Figure 4. Cell viability data for (a) L929 cells and (b) H22 cells treated with different concentrations 

of RBCM-pPLGA/PDA NPs, in addition to (c) H22 cells treated with free curcumin, 

Cur@pPLGA/PDA NPs, RBCM-Cur@pPLGA/PDANPs, and RBCM-Cur@pPLGA/PDA + NIR 

irradiation at curcumin concentrations of 0.1–20 μg/mL. Data are presented as mean ± S.D. from 

three independent experiments (n=3). 

Anti-tumor effects in vivo. The antitumor efficiency of the RBCM-Cur@pPLGA/PDA NPs was 

investigated in H22-tumor bearing ICR mice. The thermal images (Figure 5a and 5b) show that the 

RBCM-Cur@pPLGA/PDA NPs can quickly elevate the temperature of the tumor tissue to 43.8 °C 

within 5 min, and 46.5 ℃ within 10 min, while the tumor temperature of PBS-treated tumor-bearing 

mice increased by no more than 4.8 °C after NIR irradiation for 10 min. These results indicate that 

the RBCM-Cur@pPLGA/PDA NPs have potent in vivo photothermal effects and could potentially 

be used to ablate the tumor tissue. 

Pharmacokinetic studies (Figure S8) demonstrate that the RBCM coated NPs had extended 

blood retention times compared to the bare NPs, with t1/2 values of 6.6 and 10.7 h respectively. This 

finding confirms that the nanoparticles cloaked with the RBCM can provide long circulation times 

in vivo. These are favorable for enhanced tumor accumulation 42.             

Treatement with RBCM-Cur@pPLGA/PDA NPs in combination with NIR irradiation inhibits 

tumor growth much more effectively than any other treatments explored (Figure 6a). Treatement 

with PBS, free Cur or the Cur@pPLGA/PDA NPs led to rapid growth of the tumor volume with 

Page 19 of 33

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

time, although the growth rate was reduced with the NPs. RBCM-Cur@pPLGA/PDA NP treatment 

led to a very modest rise in tumor volume, and with the addition of NIR irradiation the tumor volume 

did not change over the experimental period. This arises owing to the collaborative effect of chemo 

and photothermal therapy in the latter group. This is attributing to the RBCM coating both enhances 

the accumulation of the formulation in the tumor and uptake by cancer cells , as a result of the 

coating extending the systemic circulation time 38. 

Figure 5. (a) Thermal images of mice after exposure to NIR irradiation for 10 min (2 W/cm2) and 

(b) corresponding temperature variation curves.

The mice were sacrificed at the end of the experiment, the tumors were excised and weighed 

(Figure 6b and 6c): the masses lie in the order PBS > curcumin > Cur@pPLGA/PDA NPs > RBCM-

Cur@pPLGA/PDA NPs > RBCM-Cur@pPLGA/PDA NPs + NIR. The body weight changes were 

also recorded (Figure 6d). In the case of the PBS group, the body weight of the mice increases over 

the experimental period, presumably because of tumor growth. Free curcumin treatment led to 

decreased body weights (by 4.3 ± 1.4%). The off-site toxicity and side effects arise with the free 
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drug was indicated. The mice treated with the uncoated NPs showed a small increase in body weight, 

while no notable changes in body weight were seen with the RBCM coated analogues. 

Figure 6. In vivo antitumor efficacy of the various formulations in the H22 tumor model. (a) H22 

tumor growth curves after intravenous injection of different formulations. (b) Typical photographs 

of H22 tumor-bearing mice on day 14. (c) Mean weights of the H22 tumors isolated on day 14. (d) 

Body weight changes over the 14 days of the experiment. Quantitative data are given as mean ± 

S.D., n=5.

Histological analyses were performed to probe the apoptosis levels of the tumor tissues. H&E 

staining of tumor sections (Figure 7) demonstrated that RBCM-Cur@PLGA/PDA NPs caused the 

most severe tissue damage, particularly after NIR exposure, with the presence of swollen cell nuclei 

and crushed cells being more evident compared with slices from other groups. Animals treated with 
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free Cur show little change compared to the PBS control, while the NP formulations applied without 

laser treatment are intermediate between the two extremes. Apoptosis levels were further analyzed 

with the TUNEL assay. In the animals receiving curcumin or Cur@PLGA/PDA NPs, some green 

(apoptotic) cells can be seen, but apoptosis is much starker in the RBCM-Cur@PLGA/PDA NPs 

treatment group and is further promoted with additional laser treatment. These results clearly show 

that the RBCM-Cur@PLGA/PDA NPs can act as an efficient synergistic therapeutic agents for 

tumor suppression. 

Figure 7. H&E staining (top) and TUNEL (bottom) images for tumors extracted after 14 days’ 

treatment of the H22-tumor model animals. Representative images from each group are shown. 

Safety evaluation. To evaluate the biocompatibility and in vivo safety of the RBCM-

Cur@pPLGA/PDA NPs, the heart, liver, spleen, lung, and kidneys were recovered after sacrifice 

and imaged by H&E staining (Figure S9). The images are very similar for both the negative control 

group receiving PBS injections and the animals receiving RBCM-Cur@pPLGA/PDA NPs + Laser 

treatment. Hepatic (ALT and AST) and renal function (CREA and BUN) markers were also 

quantified. There are no significant differences between the RBCM-Cur@pPLGA/PDA NPs + 

Laser animals and the PBS control group (Fig. S10). The RBCM coated NPs are hence non-toxic 
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and safe for use in vivo. 

Discussion. Chemo-photothermal therapy is one of the most widely explored combination therapies 

for cancer, and there have been many studies seeking to develop improved formulations for this. 

For example, Thapa. et al. developed zwitterion-coated gold-graphene oxide stealth nanovesicles 

for chemo-phototherapy in pancreatic cancer 43. Potent antitumor effects were achieved in this work, 

but the non-biodegradable properties of the inorganic materials used is expected to limit clinical 

applications. The use of materials already approved by regulatory authorities is a much more 

promising approach if laboratory findings are to be translated into the clinic. Here, we prepare 

nanoparticles from the FDA-approved polymer PLGA and PDA. Both can biodegrade into nontoxic 

components, which ensures the in vivo biosafety of the NPs.

Many authors have explored the use of coating technologies to develop nano-scale drug 

delivery systems with high biocompatibility, low immunogenicity and prolonged blood circulation 

times. PEG or peptide surface modifiers comprise the current gold standard for endowing NPs with 

a “stealth” coating 44. However, recent studies have shown that an anti-PEG immune response can 

be initiated 45, and often the targeting efficiency obtained with simple peptides is sub-optimal 37, 39. 

To overcome these challenges, RBCM biomimetic nanoscale agents developed through top-down 

methods have attracted extensive research interest, resulting in materials with high biocompatibility, 

low immunogenicity, and long systemic circulation times 17, 37. In this work, RBCM biomimetic 

PDA-coated NPs have been developed to deliver the chemotherapeutic drug curcumin and ensure 

effective passive targeted chemo-photothermal therapy. This strategy integrates biocompatible 

materials and a biomimetic RBCM surface, thereby overcoming many of the limitations of 

previously reported formulations.
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CONCLUSIONS

In this study, curcumin loaded nanoparticles (NPs) were prepared with a porous PLGA core. 

This was coated with polydopamine, thereby endowing the particles with both chemotherapeutic 

and phothermal activity. The NPs were further coated with a “stealth” layer comprising the red 

blood cell membrane (RBCM), giving RBCM-Cur@pPLGA/PDA NPs. These had sizes around 200 

nm, rendering them suitable for accumulation in a tumor by dint of the enhanced permeation and 

retention effect. The NPs further have excellent photothermal conversion capability (35.2%). While 

the blank carrier is highly cytocompatible, the drug-loaded system effectively induces cell death in 

vitro, particulary when the NPs are applied concomitantly with an NIR laser treatment. The RBCM 

coating enhances uptake by cancerous cells but discourages phagocytosis by macrophages, thus 

endowing the NPs with extended circulation times in vivo and the ability to target cancer cells. The 

RBCM-Cur@pPLGA/PDA NPs exhibit excellent antitumor efficacy in H22 tumor-bearing mice, 

and when applied with NIR irradiation lead to significant reductions in tumor volume without any 

off-target toxicity. Overall, our results demonstrate that the RBCM-Cur@pPLGA/PDA NPs 

comprise a biocompatible and effective therapeutic platform for in vivo chemo-photothermal 

combination treatment of cancer.
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H&E staining. 
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