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A B S T R A C T

Chemotherapy is a widely adopted treatment for malignant intraocular tumors such as retinoblastoma. However, 
achieving high delivery efficiency remains challenging due to rapid clearance and lack of targeting specificity. 
Cancer cell membrane-coated nanoparticles have been extensively reported to exhibit specific affinity to 
homotypic cancer cells. Here we designed poly (lactic-co-glycolic acid) (PLGA)-based polymeric nanoparticles 
coated with the plasma membrane of WERI-Rb-1 cells, derived from human retinoblastoma. These nanoparticles 
showed remarkable affinity to WERI-Rb-1 cells in vitro. Loaded with the FDA-approved chemotherapy drug 
etoposide, the nanoparticles exhibited excellent antitumor efficacy and excellent biosafety following a single- 
dose intravitreal injection in vivo. Overall, this work presents a simple yet effective strategy for the treatment 
of retinoblastoma.

1. Introduction

Retinoblastoma is a type of malignant intraocular cancer that origi
nates from retina area [1]. Commonly diagnosed in infancy and child
hood, its mortality reaches to 70 % in countries of middle and low 
income [2]. Enucleation and systemic chemotherapy are common stra
tegies for medical management of retinoblastoma. Enucleation can 
prevent potential spread of the tumor cells efficiently. However, 
removal of eyes will lead to blindness, especially for patients with tu
mors on both sides [3]. Systemic chemotherapy provides a conservative 
treatment method for retinoblastoma, but its unwanted toxicity on off- 
target tissues and low delivery efficiency are unavoidable problems 
[4]. In comparison, local chemotherapy such as intravitreal drug injec
tion could waive the systemic toxicity. However, free drug intravitreally 
injected was prone to quick leakage and clearance [5]. Drug-loaded 
nanoparticles can be an alternative to overcome the drawbacks of free 
drug administration by increasing solubility and sustaining drug release 

[6]. Moreover, rational design and modification of nanoparticles could 
endow the nanoparticles with tumor targeting ability to further improve 
the drug delivery efficiency [7].

Biomimetic camouflage has been an effective strategy for nano
particles functionalization [8]. For instance, owing to the reservation of 
functional proteins on surface of the plasma membrane, cell membrane- 
coated nanoparticles using common cells such as red blood cells and 
macrophages have been reported for the treatment of intraocular dis
eases such as choroidal neovascularization (CNV) and retinoblastoma 
[9–11]. Moreover, cancer cell membrane-coated nanoparticles have 
been verified to have specific affinity toward homotypic cancer cells, 
which is called as homotypic targeting effect [12]. Along this line, many 
types of cancer cell membrane-coated nanoparticles have been devel
oped for the treatment of homotypic cancer. For example, doxorubicin- 
loaded PLGA nanoparticles coated with cell membrane derived from 
HepG2 cells showed excellent antitumor efficacy against hepatocellular 
carcinoma [13]. Similar strategies have also been applied for the 
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treatment of head and neck squamous cell carcinoma and mammary 
carcinoma [14–16]. However, cancer cell membrane-coated nano
particles have not been applied for the treatment of intraocular tumors 
yet.

In this study, we designed a human retinoblastoma cell membrane- 
coated nanoplatform. WERI-Rb-1, a continuous cell line derived from 
human retinoblastoma and commonly used in preclinical research, was 
selected as the cell membrane source [17]. Besides the reported homo
typic targeting effect of cancer cell membrane-coated nanoparticles, we 
observed a tendency for WERI-Rb-1 cells to aggregate in cell culture. 
Based on these, we hypothesized that nanoparticles coated with WERI- 
Rb-1 cell membrane would have significant targeting effect to human 
retinoblastoma (Scheme 1). Biocompatible and biodegradable copol
ymer PLGA was chosen as the building block of the nanoparticle core. A 
typical FDA-approved antitumor chemotherapy drug, etoposide, which 
is a DNA topoisomerase II inhibitor, was selected as therapeutic agent 
loaded in the PLGA nanoparticles [18]. The homotypic targeting effect 
and enhanced cytotoxicity of the coated nanoparticles were demon
strated in vitro. By a single-dose intravitreal injection, the antitumor 
efficacy was then verified in vivo in an orthotopic human 
retinoblastoma-bearing mouse model.

2. Materials and methods

2.1. Materials

PLGA (50:50, ester-terminated, M.W. = 45,000), chlorpromazine 
(CPZ), genistein and m-β-cyclodextrin (mβ-CD) were all obtained from 
Sigma-Aldrich (MA, USA). mPEG5000-PLGA5000 (For PLGA part, 50:50, 
ester-terminated) was obtained from Yuanye (Shanghai, China). cRGD- 
PEG2000-PLGA12000 was obtained from Ruixibio (Xi’an, China). Etopo
side was obtained from Bidepharm (Shanghai, China). Tris-HCl buffer, 
Versene solution (0.02 % EDTA DPBS solution), membrane and cytosol 
protein extraction kit, and Annexin V-FITC apoptosis detection kit were 
obtained from Beyotime (Shanghai, China). DiD dye, DiR dye, and D- 
luciferin potassium salt were obtained from Aladdin (Shanghai, China). 

Phenylmethanesulfonylfluoride (PMSF), Hoechst blue 33342, and DAPI 
were obtained from Thermo Fisher Scientific (MA, USA). EIPA and CCK- 
8 kit were obtained from MedChemExpress (MCE, Shanghai, China). 
Dichloromethane, acetonitrile, and acetone were obtained from Anaqua 
(DE, USA).

2.2. Cell culture

WERI-Rb1 human retinoblastoma cells (HTB-169, American Type 
Culture Collection) and transfected WERI-Rb1-GFP-Luc cells were 
cultured at 37 ◦C in 5 % CO2 with Roswell Park Memorial Institute 
(RPMI) 1640 medium (Gibco) supplemented with 10 % fetal bovine 
serum (FBS; Gibco) and 1 % penicillin- streptomycin (Pen-Strep; Gibco). 
4T1 mouse breast cancer cells (CRL-2539, American Type Culture 
Collection) and KYSE450 human esophageal cancer cells (CVCL_1353; 
Cellosaurus) were cultured at 37 ◦C in 5 % CO2 with Dulbecco’s Modi
fied Eagle’s Medium (DMEM; Gibco) supplemented with 10 % FBS and 
1 % Pen-Strep.

2.3. Cell membrane extraction

The cell membrane of WERI-Rb1 cells was extracted with a 
commercially available membrane and cytosol protein extraction kit 
(Beyotime) under the guidance of the protocol. PMSF (1 mM) was 
supplemented in the extraction buffer for protease inhibition. A freeze- 
thaw cycling process was adopted for cell lysis. The collected cell 
membrane was stored in Versene solution. Weight of the extracted cell 
membrane was quantified after lyophilization.

2.4. Preparation of cell membrane-coated nanoparticles

A reported single emulsion method was adopted for the preparation 
of PLGA-etoposide nanoparticles (PE NPs) [19]. In details, 250 μL 50 
mg/mL PLGA in dichloromethane and 250 μL 10 mg/mL etoposide in 
acetone were mixed and added to 2.5 mL 10 mM tris-HCl (pH = 8). The 
mixture was then sonicated for 2 min (100 W, 2 s on/1 s off, Sonics 

Scheme 1. Graphic scheme of WERI-Rb-1 cell membrane-coated nanoparticles (RPE NPs) for targeted drug delivery to retinoblastoma. Compared to PEGylated 
nanoparticles (PPE NPs), RPE NPs show a significant targeting effect toward retinoblastoma, attributed to the homotypic targeting effect facilitated by intercellular 
binding proteins on their surfaces.
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VCX500 Ultrasonic Processors). For PLGA nanoparticles loaded with cell 
labelling dye DiD (ex/em = 644/663 nm) and DiR (ex/em = 748/780 
nm), the preparation method was the same, and the dye solution was 5 
μg/mL in 250 μL DCM. After the sonication, the mixture was added to 5 
mL 10 mM tris-HCl (pH = 8) and stirred overnight at 800 rpm. The 
polymeric nanoparticles were collected as pellets after centrifugation at 
23,000 g for 10 min. The PLGA-based nanoparticles were mixed with cell 
membrane suspension and sonicated in an Elmasonic EASY 100H bath 
sonicator for 5 min. The membrane-coated nanoparticles were resus
pended in deionized water.

2.5. Drug encapsulation and loading of PE NPs

Drug encapsulation efficiency and loading capacity were measured 
by high performance liquid chromatography (Agilent 1260 Infinity II). 
RPE NP samples were dissolved in 50 % acetonitrile. The solution was 
eluted through the column at a flow rate of 1.5 mL/min and the eto
poside was detected at a wavelength of 254 nm (Table S1). Encapsula
tion efficiency and loading capacity were calculated according to the 
following formulas: 

Encapsulation efficiency (%) =
Weight of loaded etoposide

Weight of fed etoposide
×100% 

Loading capacity (%) =
Weight of loaded etoposide

Weight of PE NPs
× 100% 

2.6. Physical characterization of the nanoparticles

Size distribution and zeta potential of the nanoparticles were 
measured by using a dynamic light scattering (DLS) machine (Zetasizer 
Nano ZS90, Malvern). The morphology of the nanoparticles and cell 
membrane vesicles was visualized by using a transmission electron mi
croscope (CM100, Philips). The presence of plasma membrane proteins 
was verified by sodium dodecyl sulfate–polyacrylamide gel electro
phoresis (SDS-PAGE). The UV–Vis spectra of the nanoparticles and free 
etoposide were characterized by a microplate reader (SpectraMax M4).

2.7. Optimization of RPE NPs formulation

WERI-Rb-1 cell membrane was mixed with PE NPs in deionized 
water. With fixed total volume and fixed PE NPs weight concentration 
(1 mg/mL), the WERI-Rb-1 cell membrane’s weight concentration was 
set to be 0.25, 0.5, 1, 2, and 4 mg/mL. After coating through ultrasound 
water bath, the average sizes of the coated nanoparticles at different 
membrane/core weight ratios were measured. The solvent of the coated 
nanoparticles solutions was transferred to be PBS buffer (1×) by adding 
an equal volume of PBS buffer (2×). The average sizes of the nano
particles were then measured. After 14 days at room temperature, the 
average sizes of the nanoparticles were measured again to evaluate the 
stability of the coated nanoparticles at different membrane/core weight 
ratios.

2.8. Drug release profile of RPE NPs

RPE NP solution (1 mg/mL, 140 μL) was added into Slide-A-Lyzer 
MINI dialysis devices (10 K molecular weight cutoff; Thermo Fisher 
Scientific) and floated on 14 mL PBS buffer under shaking at 60 rpm and 
37 ◦C. The RPE NP solution was retrieved at different timepoints and 
centrifugated at 23,000 g for 10 min for collection. The pellets were 
dissolved in 50 % acetonitrile for HPLC analysis to quantify the 
remaining etoposide content.

2.9. In vitro homotypic targeting effect of RPDiD NPs

In vitro targeting property of RPDiD NPs was verified by evaluation 

of cellular uptake. The DiD dye concentration was quantified by a 
microplate reader (SpectraMax M4, Fig. S1b). WERI-Rb1 cells were 
seeded in a 12-well plate at density of 105 cells per mL per well and 
incubated for 24 h. The cells were divided into 4 groups according to 
different treatments: PBS, PPDiD NPs, cRGD-PPDiD NPs and RPDiD NPs. 
After 0.5 h treatment, the cells were washed by PBS three times for flow 
cytometry analysis. For confocal imaging, after the treatment, the cells 
were stained with DAPI for 10 min and washed by PBS three times. The 
cells were mounted on slides for confocal imaging (Zeiss LSM 880). For 
homotypic property verification, WERI-Rb1 cells, HeLa cells, and 
KYSE450 cells were seeded in a 12-well plate at a density of 105 cells per 
mL per well. After 24 h incubation, all the cells were treated with RPDiD 
NPs for 0.5 h. The cells were collected and washed by PBS three times for 
flow cytometry analysis.

2.10. Mechanism of RPE NPs uptake by WERI-Rb-1 cells

WERI-Rb-1 cells were seeded in a 24-well plate at density of 5 × 104 

cells per mL per well. The cells were pretreated with chlorpromazine (5 
μg/mL), genistein (25μg/mL), mβ-CD (5 μg/mL), or EIPA (20 μM) for 1 
h. The pretreated cells were then co-incubated with RPDiD NPs for 0.5 h. 
The cells were then collected and washed by PBS three times for flow 
cytometry analysis.

2.11. Cytotoxicity and apoptosis of RPE NPs

WERI-Rb-1 cells were seeded in a 48-well plate at density of 1 × 104 

cells per well (0.2 mL) and incubated for 24 h. The cells were then 
treated with RPE NPs or PPE NPs with etoposide concentrations at 0, 
0.125, 0.25, 0.5, and 1 μM. After 24 h incubation, 20 μL CCK-8 kit so
lution was added into each well. After 4 h further incubation, the 
absorbance of each well at 450 nm was measured by a microplate reader 
(SpectraMax M4). The relative cell viability was calculated as follows: 

Cell viability (%) =
Abs.in treated group
Abs.in control group

× 100% 

For apoptosis analysis, the cells were seeded using the same methods 
and treated with RPE NPs or PPE NPs with etoposide concentration at 2 
μM. After 24 h incubation, the cells were stained with an Annexin V- 
FITC apoptosis detection kit according to the protocol. The stained cells 
were analyzed by flow cytometry.

2.12. Animal model construction

BALB/c nude mice (male, 4–6 weeks) were obtained from the Centre 
for Comparative Medicine Research (Li Ka Shing Faculty of Medicine, 
The University of Hong Kong). Animal study protocol was approved by 
the Committee on the Use of Live Animals in Teaching and Research 
(CULATR) at The University of Hong Kong (CULATR No. 23–315). An
imals were maintained at the conventional experimental holding area of 
Dexter H.C. Man Building at the Centre for Comparative Medicine 
Research. An orthotopic retinoblastoma-bearing mouse model was 
constructed according to our previous study [20]. Briefly, 40 mg/kg 
pentobarbital sodium was intraperitoneally injected for anesthesia, and 
0.4 % oxybuprocaine hydrochloride was applied on the right eye for 
ocular local anesthesia. And then 0.5 % tropicamide was applied to 
dilate the pupil. WERI-Rb-1-Luc-GFP cells were suspended in PBS at a 
density of 104 cells/μL. With a micro syringe (33G, Hamilton), 2 μL cell 
suspension was slowly injected into the bottom of the vitreous cavity of 
the eye. After removal of the micro syringe, 0.5 % chloramphenicol was 
topically applied. After 7 days, progress of the inoculated retinoblas
toma was monitored by detection of its luminescence by in vivo imaging 
system (IVIS Lumina X5, Perkin-Elmer) with intraperitoneal injection of 
150 mg/kg D-luciferin potassium salt.
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2.13. Intraocular distribution and retention

For the intraocular distribution and retention study, BALB/c nude 
mice with orthotopic retinoblastoma were randomly divided into two 
groups according to treatments: PPDiR NPs and RPDiR NPs. DiR dye 
concentration was quantified by a microplate reader (SpectraMax M4, 
Fig. S1c). The DiR-loaded nanoparticle solution (2 μL) was slowly 
intravitreally injected. Fluorescence signals of DiR were detected by IVIS 
at 3, 6, 10, 24, and 48 h post-injection. The intraocular DiR radiant ef
ficiency value at each timepoint was calibrated by subtracting the 
background value as: 

Radiant efficiencycalibrated = Radiant efficiencytested − Radiant efficiencyblank 

where ‘Radiant efficiencyblank’ means the background value of the cor
responding mouse without DiR injection. After 48 h, the mice were 
euthanized, and the tumor-inoculated eyes were harvested for cryo
sectioning. Stained with DAPI for 10 min, the cryosections of the eyes 
were observed under a confocal microscope (Zeiss LSM 980). The 
arithmetic mean fluorescence intensity of DiR dye was analyzed by 
ZEISS ZEN 3.10 software.

2.14. In vivo antitumor efficacy

For evaluation of in vivo antitumor efficacy, BALB/c nude mice 
bearing orthotopic retinoblastoma were randomly divided into four 
groups according to treatments: PBS, Free etoposide, PPE NPs, and RPE 

NPs. The drug solution (2 μL) was slowly intravitreally injected with 
dosage of etoposide at 0.0269 mg/kg. With intraperitoneal injection of 
150 mg/kg D-luciferin potassium salt, progress of retinoblastoma was 
monitored by IVIS every other day within 11 days after drug adminis
tration. On the 11th day, the mice were euthanized, and their eyes and 
major organs were harvested for hematoxylin and eosin (H&E) staining.

2.15. Statistical analysis

GraphPad Prism 9.5.1 software (GraphPad Software, Inc) was used 
for statistical analysis. Experiments were conducted three times or more 
independently. Data were presented as the mean ± standard deviation 
(S.D.). Two-tailed unpaired Student’s t-test and one-way ANOVA were 
used to determine the statistical significance of differences, with sig
nificance levels defined as *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

3. Results and discussion

3.1. Preparation and characterization of WERI-Rb-1 cell membrane- 
coated nanoparticles

As a well-recognized biocompatible and biodegradable polymer, 
PLGA has been extensively employed to fabricate nanocarrier for drug 
delivery [21]. Based on a previously reported single emulsion method, 
we encapsulated the small-molecule chemotherapy drug etoposide into 
PLGA nanocarriers to fabricate PLGA-etoposide nanoparticles (PE NPs) 

Fig. 1. Fabrication and characterization of RPE NPs. (a) Loading capacity (LC) and encapsulation efficiency (EE) of PE NPs (n = 3, mean ± SD). (b) Average size 
of RPE NPs at different membrane/core weight ratios in water, PBS, and PBS after 14 d (n = 3, mean ± SD). (c) Size distributions of PE NPs before and after WERI-Rb- 
1 cell membrane coating. (d) Zeta potential of PE NPs, WERI-Rb-1 membrane vesicles, and RPE NPs (n = 3, mean ± SD). ****p < 0.0001, Student’s t-test. (e) 
Transmission electron microscopy images of (i) PE NPs, (ii) WERI-Rb-1 cell membrane vesicles, and (iii) RPE NPs (Scale bar: 100 nm). (f) SDS-PAGE analysis result of 
(i) WERI-Rb-1 cell lysate, (ii) WERI-Rb-1 cell membrane vesicles, and (iii) WERI-Rb-1 cell membrane-coated PLGA nanoparticles. (g) Drug release profile of RPE NPs 
at 37 ◦C and 60 rpm (n = 3, mean ± SD). (h) Average sizes and PDIs of RPE NPs at room temperature in PBS over 7 days (n = 3, mean ± SD).
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[19]. With high performance liquid chromatography (HPLC, Fig. S1a 
and Table S1), the loading capacity (LC) and encapsulation efficiency 
(EE) of etoposide were determined to be approximately 4.45 % and 7.42 
%, respectively (Fig. 1a). The WERI-Rb-1 cell membrane was extracted 
through a series of procedures including cell harvest, cell lysis, and 
differential centrifugation purification. As a simple and efficient 
method, ultrasound water bath was adopted for WERI-Rb-1 cell mem
brane coating on PE NPs to obtain retinoblastoma cell membrane-coated 
PE NPs (RPE NPs). Compared with free etoposide, RPE NPs displayed the 
same UV–Visible absorption spectrum and a characteristic peak at 230 
nm (Fig. S2), which also verifies the successful loading of etoposide. Due 
to charge screening effect induced by ions in the solution, bare or 
incompletely coated PLGA nanoparticles tend to aggregate in PBS [22]. 
Consequently, the mixing ratio of WERI-Rb-1 cell membrane versus PE 
NP cores (w/w) was optimized to screen out a relatively optimal coating 
formulation. As shown in Fig. 1b, when the membrane/core weight ratio 
equaled to 1:1, the particle size of RPE NPs displayed very slight increase 
in PBS after 14 d compared to the change at other ratios. As a result, 1:1 
was selected as membrane/core weight ratio for RPE NPs preparation in 
the following experiments. As shown in Fig. 1c, with dynamic light 
scattering (DLS) testing, the average size of PE NPs was measured to 
increase from around 133.5 nm to around 148.1 nm after coating in 
deionized water. The polydispersity indexes (PDIs) of the nanoparticles 
were both below 0.2 before and after coating, which confirmed a narrow 
size distribution. The zeta potential of RPE NPs was also measured by 
DLS. As shown in Fig. 1d, coating with WERI-Rb-1 cell membrane, the 
zeta potential of PE NPs significantly increased from around − 49.1 mV 
to − 33.3 mV, which was similar to that of WERI-Rb-1 cell membrane 
vesicles (− 29.5 mV). The similarity indicated the success of coating. The 
morphology of RPE NPs was imaged by a transmission electronic mi
croscope (TEM). As presented in Fig. 1e, compared to bare spherical PE 
NPs (i) and hollow WERI-Rb-1 cell membrane vesicles (ii), RPE NPs 
displayed a clear core-shell structure (iii), which proved the successful 
coating. With cancer cell membrane coating, various functional proteins 
on the surface of the cell membrane could be concomitantly modified on 
core nanoparticles. Among them, proteins responsible for intercellular 
binding are essential for the reported homotypic targeting effect [23]. 
Hence, we presented protein profile of RPE NPs through SDS-PAGE. As 
presented in Fig. 1f, plasma membrane proteins were well preserved 
throughout the membrane extraction and coating process, verifying the 
functionalization of PE NPs by WERI-Rb-1 cell membrane coating.

To evaluate the drug release profile, paralleling groups of RPE NPs 
were loaded in dialysis devices in PBS at 37 ◦C under gentle shaking. The 
RPE NPs were retrieved at different timepoints to quantify the remaining 
amount of encapsulated etoposide. As shown in Fig. 1g, RPE NPs pre
sented a burst release of etoposide (around 73 %) within the first 3 h, 
followed by a sustained release. As an essential property for application 
and translation, the colloidal stability of RPE NPs was evaluated by 
continuous monitoring of their average sizes and PDIs in PBS at room 
temperature. As shown in Fig. 1h, during 7 days post-fabrication, the 
average sizes of RPE NPs were around 200 nm while the PDIs remained 
to be around 0.2, showing good stability.

3.2. In vitro activity of WERI-Rb-1 cell membrane-coated nanoparticles

The homotypic targeting effect has been widely reported for many 
types of cancer cell membrane-coated nanoparticles. Herein, we verified 
the targeting effect through cellular uptake test. First, the lipophilic 
fluorescent dye 1,1’-dioctadecyl-3,3,3′,3’-tetramethylindodicarbocya
nine,4-chlorobenzenesulfonate salt (DiD, ex/em = 644/663 nm) was 
loaded in PLGA nanoparticles to fabricate retinoblastoma cell 
membrane-coated PLGA-DiD nanoparticles (RPDiD NPs). There were 
two types of functionalized PLGA-DiD NPs set as control groups. As 
PEGylation is a widely adopted modification method to improve nano
particles stability, circulation time, and tumor accumulation, mPEG- 
PLGA-DiD nanoparticles (PPDiD NPs, Fig. S3a and b) was set as a 

control group [24]. The other one was cyclic RGD-PEG-PLGA-DiD 
nanoparticles (cRGD-PPDiD NPs, Fig. S4a and b) as cyclic RGD 
(cRGD) peptide is a targeting ligand to integrin αvβ3 overexpressed on 
tumor cells [25]. WERI-Rb-1 cells were incubated with DiD-loaded 
nanoparticles for 0.5 h and then washed before flow cytometry anal
ysis. As shown in Fig. 2a and b, cRGD-PPDiD NPs exhibited significantly 
higher uptake by WERI-Rb-1 cells compared to PPDiD NPs, attributed to 
the targeting effect of cRGD peptide. Nevertheless, RPDiD NPs presented 
significantly higher cellular uptake compared to both control groups, 
indicating excellent targeting effect. Confocal laser scanning microscopy 
(CLSM) was utilized to assess the colocalization of the nanoparticles 
with WERI-Rb-1 cells. As displayed in Fig. 2c, WERI-Rb-1 cells incubated 
with RPDiD NPs presented the strongest far-red signal of DiD dye, 
consistent with the flow cytometry results. The homotypic targeting 
effect of RPDiD NPs was further verified by flow cytometry. RPDiD NPs 
were incubated with WERI-Rb-1 cells, 4T1 mouse breast cancer cells, 
and KYSE450 human esophageal cancer cells for 0.5 h, respectively. The 
cells were washed by PBS and analyzed by flow cytometry for uptake 
level testing. As shown in Fig. 2d, RPDiD NPs had the highest uptake by 
WERI-Rb-1 cells among all tested cell types, demonstrating the homo
typic property.

We continued to explore the endocytosis mechanism of the WERI-Rb- 
1 cell membrane-coated nanoparticles. WERI-Rb-1 cells were pretreated 
with different endocytosis pathway inhibitors, including mβ-CD (a lipid 
rafts-mediated endocytosis inhibitor), CPZ (a clathrin-mediated endo
cytosis inhibitor), EIPA (a macropinocytosis inhibitor), and genistein (a 
caveolae-mediated endocytosis inhibitor). The pretreated WERI-Rb-1 
cells were then incubated with RPDiD NPs for 0.5 h. As shown in 
Fig. 2e, the flow cytometry results for cellular uptake showed that only 
CPZ displayed significant inhibition on the uptake of RPDiD NPs, illus
trating that the endocytosis of the WERI-Rb-1 cell membrane-coated 
nanoparticles was mainly mediated by a clathrin-dependent pathway. 
Next, we measured the cytotoxicity of RPE NPs through cell counting 
kit-8 (CCK-8) assay. WERI-Rb-1 cells were incubated with mPEG-PLGA- 
etoposide (PPE NPs) and RPE NPs at increasing etoposide concentra
tions. As shown in Fig. 2f, RPE NPs presented significant cytotoxicity 
enhancement against WERI-Rb-1 cells compared with PPE NPs at eto
poside concentration of 0.5 μM and above. Apoptosis profiles of WERI- 
Rb-1 cells treated with PPE NPs and RPE NPs were presented in 
Fig. 2g and h. As shown, the WERI-Rb-1 cells treated with RPE NPs 
presented lower rates of late apoptosis (Q2) but higher rates of total 
apoptosis (Q2 + Q4), which was consistent with the enhanced 
cytotoxicity.

3.3. Intraocular retention and targeting of WERI-Rb-1 cell membrane- 
coated nanoparticles

Encouraged by the homotypic targeting effect and excellent cyto
toxicity in vitro, we further evaluated the performance of the WERI-Rb-1 
cell membrane-coated nanoparticles in an orthotopic retinoblastoma- 
bearing mouse model. The model was established by intravitreal injec
tion of WERI-Rb-1-Luc-GFP cells into subretinal space of the right eye of 
BALB/c nude mice. As shown in Fig. 3a, the mouse successfully inocu
lated with retinoblastoma exhibited obvious leukocoria, which is a 
typical clinical symptom of retinoblastoma. Currently, there has been 
plenty of imaging molecules developed for in vivo nanoparticles tracing 
and cancer treatments [26,27]. Herein, to evaluate intraocular reten
tion, near-infrared lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethy
lindotricarbocyanine iodide (DiR, ex/em = 748/780 nm) was loaded to 
obtain WERI-Rb-1 cell membrane-coated DiR-loaded PLGA nano
particles (RPDiR NPs). After intravitreal injection, the radiant efficiency 
of the DiR dye was measured by in vivo imaging system (IVIS) and 
calibrated by subtracting background values (Fig. S5). As shown in 
Fig. 3b and c, RPDiR NPs had presented significantly higher retention 
than mPEG-PLGA-DiR nanoparticles (PPDiR NPs) since 4 h after injec
tion. To further evaluate the intraocular targeting capability of the 
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nanoparticles, the mice were euthanized 48 h post-injection. The 
retinoblastoma-bearing eyes were harvested for cryosectioning. As 
shown in Fig. 3d and e, in the retinoblastoma region where the green 
fluorescent protein (GFP) was significantly expressed (marked by white 
dash lines), the RPDiR NPs group showed significantly higher DiR 
accumulation than the PPDiR NPs group. Taken together, these results 
revealed the superior retinoblastoma-targeting capability of RPDiR NPs.

3.4. In vivo antitumor efficacy of WERI-Rb-1 cell membrane-coated 
nanoparticles

The therapeutic efficacy of RPE NPs was then evaluated in the same 
murine model. The scheme of the experiments was presented in Fig. 4a. 
After a single-dose intravitreal injection of the drug solutions, the pro
gression of retinoblastoma was monitored by IVIS every other day. As 
shown in Fig. 4b, compared to other treatments, including PBS, free 
etoposide, and PPE NPs, RPE NPs exhibited significantly greater inhi
bition of retinoblastoma progression, suggesting excellent antitumor 

efficacy. As shown in Fig. 4c, during the monitoring period, the body 
weight of all the mice remained stable, indicating biosafety of RPE NPs. 
For IVIS imaging, D-luciferin potassium salt solution was intraperito
neally injected as a substrate of luciferase expressed in retinoblastoma. 
Representative luminescence images of the retinoblastomas in all groups 
during the monitoring period are displayed in Fig. 4d. It can be observed 
that the mouse treated with RPE NPs showed significant inhibition of 
retinoblastoma progression, whereas the other three control groups 
presented substantial tumor growth. As a hallmark of retinoblastoma, 
leukocoria of the mice after different treatments were imaged by the 
Micron IV system. Representative images are presented in Fig. 4e. As 
shown, the mice injected with PBS and free etoposide both still showed 
significant leukocoria, indicating progression of retinoblastoma. In 
contrast, leukocoria in the eye treated with PPE NPs appeared to be 
significantly reduced, suggesting a moderate inhibitory effect on tumor 
growth. Notably, leukocoria disappeared in the eye treated with RPE 
NPs at the same dosage. Inhibition of retinoblastoma was further 
confirmed by analyzing the eyeball sections stained with hematoxylin 

Fig. 2. In vitro activity of WERI-Rb-1 cell membrane-coated nanoparticles. (a) Representative flow cytometry results of WERI-Rb-1 cells’ uptake of DiD after 
different treatments and (b) corresponding quantification analysis (n = 3, mean ± SD). *p < 0. 05, **p < 0. 01, Student’s t-test. (c) CLSM images of WERI-Rb-1 cells 
after different treatments. (Blue: Hoechst blue 33342, far red: DiD, scale bar: 20 μm). (d) Relative uptake level of RPDiD NPs by different types of cancer cells (n = 3, 
mean ± SD). **p < 0. 01, Student’s t-test. (e) WERI-Rb-1 cells’ uptake of RPDiD NPs after pretreatments with different endocytosis pathway inhibitors (n = 3, mean 
± SD). *p < 0. 05, Student’s t-test. (f) WERI-Rb-1 cells’ viability after different treatments (n = 3, mean ± SD). **p < 0. 01, Student’s t-test. (g) Representative flow 
cytometry results of WERI-Rb-1 cells’ apoptosis profile after different treatments and (h) corresponding quantification analysis (n = 3, mean ± SD). **p < 0. 01, 
Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and eosin (H&E). As shown in Fig. 4f, the eyes injected with PBS, free 
etoposide, or PPE NPs presented prominent area of retinoblastoma. 
However, the eye injected with RPE NPs at the same dosage showed an 
intact and healthy retinal structure, indicating elimination of retino
blastoma and excellent retinal biosafety. Major organs of the mice after 
different treatments were also collected for sections and H&E staining 
(Fig. S6). All the organs displayed normal physiological morphologies, 
indicating systemic biosafety. Overall, the results of in vivo studies 
confirmed the targeted delivery and notable antitumor efficacy of WERI- 
Rb-1 cell membrane-coated nanoparticles against retinoblastoma.

4. Conclusion and discussion

In summary, we fabricated WERI-Rb-1 cell membrane-coated PLGA 
nanoparticles for the treatment of retinoblastoma through a single-dose 
intravitreal injection. Based on homotypic targeting effect, the nano
particles showed significant targeting ability to WERI-Rb-1 cells. Loaded 
with the FDA-approved chemotherapeutic drug etoposide, RPE NPs 
presented excellent biosafety and superior antitumor efficacy in an 
orthotopic retinoblastoma-bearing mouse model. To our knowledge, it is 
the first application of cancer cell membrane-coated nanoparticles for 
intraocular tumor treatment. Combined with intravitreal injection, a 
local administration method, high drug delivery efficiency was ach
ieved. Furthermore, this localized and targeted delivery requires a low 

dosage and reduced administration frequency, which minimizes side 
effects such as unwanted systemic toxicity [28]. In addition to retino
blastoma, the cancer cell membrane-coated nanoplatform may also be 
applied for targeted drug delivery in the treatment of other intraocular 
tumors such as choroidal melanoma.

Although single-dose injection has been proven to be effective for 
tumor inhibition, damage to intraocular structures may result in 
endophthalmitis and more severe consequences if not operating prop
erly [29]. Future studies may focus on the development of alternative 
dosage forms such as eyedrops. Meanwhile, other tools such as inject
able hydrogels can also be employed to elongate the nanoparticles 
retention for efficacy improvement. The simple design and fabrication 
process of the WERI-Rb-1 cell membrane-coated nanoplatform show 
great potential for clinical translation. However, some issues remain to 
be addressed, such as immunocompatibility. Potential solutions include 
designing a universal cell line with immunogenicity-related genes 
genetically knocked out [30]. Above all, WERI-Rb-1 cell membrane- 
coated nanoparticles offer a novel, efficient, and safe strategy for 
intraocular tumor therapy. The study also advances the development of 
biomimetic drug delivery systems for the treatment of intraocular 
diseases.

Fig. 3. Intraocular targeting of RPDiR NPs. (a) Photographs of a normal mouse eye and a retinoblastoma-bearing mouse eye. (b) Representative IVIS images 
showing DiR fluorescence retention in the eyes of retinoblastoma-bearing mice. (c) Quantification analysis of DiR fluorescence intensity in panel (b) (n = 3, mean ±
SD). *p < 0. 05, **p < 0. 01, Student’s t-test (comparison between the ‘PPDiR NPs’ group and the ‘RPDiR NPs’ group at each timepoint). (d) Representative 
cryosections of intravitreally injected mouse eyes (Blue: DAPI; green: green fluorescent protein expressed by WERI-Rb-1-Luc-GFP; far red: DiR. Scale bar: 500 μm). (e) 
Quantification analysis of the arithmetic mean intensity of DiR in the retinoblastoma area of each harvested eye (n = 3, mean ± SD). *p < 0. 05, Student’s t-test. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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