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a b s t r a c t

Liver cancer, particularly hepatocellular carcinoma (HCC), is a leading cause of cancer-related mortal-

ity worldwide. The therapeutic potential of norcantharidin (NCTD), a small-molecule chemotherapeutic

agent, is often limited by its rapid systemic clearance and dose-dependent nephrotoxicity. Here, a novel

folic acid (FA)-modified erythrocyte membrane (EM)-coated nanoplatform (FA/EM@PEI-NCTD) was de-

veloped to improve tumor targeting, prolong circulation, and mitigate renal toxicity. This nanoplatform

preserves CD47 expression, transmitting “don’t eat me” signal to evade macrophage uptake. In vitro,

FA/EM@PEI-NCTD showed enhanced cytotoxicity against HCC cells and favorable drug release kinetics

with low hemolytic activity. In vivo, the system demonstrated superior tumor targeting, growth inhibi-

tion, prolonged survival, and reduced nephrotoxicity. Mechanistically, the treatment promoted apopto-

sis in H22 cells by upregulating Bax and caspase-3 while downregulating Bcl-2. These results highlight

FA/EM@PEI-NCTD as a promising strategy for safe and effective targeted HCC therapy.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Liver cancer ranks as the sixth most diagnosed cancer and

the third leading cause of cancer-related mortality worldwide [1].

Among its subtypes, hepatocellular carcinoma (HCC) accounts for

75%–85% of cases and remains a major global health challenge

[2–4]. Norcantharidin (NCTD), a small-molecule chemotherapeutic

agent for HCC, has demonstrated the ability to induce apoptosis in

tumor cells and elevate white blood cell counts [5–8]. However, its

clinical application is limited by rapid systemic clearance and dose-

dependent nephrotoxicity [6,9,10]. To overcome these limits, we

combined nanotechnology and biomimetic strategies to develop a

targeted and sustained-release delivery system for NCTD.

Initially, polyethyleneimine (PEI) was employed to synthesize

NCTD-loaded nanoparticles (PEI-NCTD) due to its exceptionally

high charge density, strong adsorption capacity, and high chemical

reactivity, making it a highly promising material for drug delivery

applications [11–13]. The infrared spectrum (Fig. 1a) confirmed the

formation of amide bonds between PEI and NCTD, as evidenced by

the disappearance of characteristic absorption peaks correspond-

ing to acid anhydride carbonyl and primary amine groups, and the

appearance of new amide peaks. As shown in Figs. 1b and e, PEI-

NCTD demonstrated a uniform spherical morphology with a diam-

eter of 88.66±2.34nm.
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CD47 protein is abundantly expressed on erythrocyte mem-

brane (EM) and can interact with signal regulatory protein α to

transmit a “don’t eat me” signal to the reticuloendothelial sys-

tem (RES) [14,15]. Therefore, the systemic circulation of EM-coated

nanoparticles could be prolonged [16–18]. We collected blood from

male BALB/c mice and extracted via hypotonic lysis [17,19,20]. Sub-

sequently, PEI-NCTD and EM were co-extruded through polycar-

bonate membrane to get EM-camouflage nanoparticles (EM@PEI-

NCTD) [21]. As folic acid (FA) is overexpressed on the surface of

liver cancer cells [22,23], we functionalized the surface of EM@PEI-

NCTD with FA to further enhance tumor-targeting capability, ob-

taining the final drug delivery system (FA/EM@PEI-NCTD).

To confirm the successful encapsulation of PEI-NCTD within

EM, we prepared empty membrane vesicles (EMVs) by extruding

EM alone. From Fig. 1b, the average particle sizes of EMV and

FA/EM@PEI-NCTD were 97.01±3.83 and 99.90±1.36nm, respec-

tively. The presence of a distinct membrane bilayer structure with

a thickness of approximately 13nm was clearly observed (Fig. 1g),

consistent with previous report [20]. The polydispersity indices

(PDIs) of PEI-NCTD, EMV, and FA/EM@PEI-NCTD were all below 0.3

(Fig. 1c), indicating favorable dispersion stability.

The EMV structure can be clearly seen in the TEM of Fig. 1f.

In addition, zeta potential measurements confirmed the success-

ful membrane encapsulation. PEI-NCTD exhibited a positive sur-

face charge of 17.38±1.26mV, whereas EMV and FA/EM@PEI-NCTD

showed negative charges of −26.69±3.47 and −20.56±5.21mV,
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Fig. 1. In vitro characterization of PEI-NCTD and FA/EM@PEI-NCTD. (a) Fourier

transform infrared (FTIR) analysis of PEI-NCTD. Hydrodynamic size (b), PDI (c), and

zeta potential studies (d) of PEI-NCTD and FA/EM@PEI-NCTD by dynamic light scat-

tering (DLS) (n=3). The transmission electron microscopic (TEM) images (scale bar:

50nm) of (e) PEI-NCTD, (f) empty erythrocyte membrane vesicles (EMVs), and (g)

FA/EM@PEI-NCTD. (h) Fluorescence co-localization analysis based on confocal laser

scanning microscopy (CLSM) (scale bar: 2 μm) identified by 5-FAM-labeled EM@PEI-

5-FAM (green fluorescence), DiD-labeled EM and DAPI-labeled nucleus (blue fluo-

rescence). (i) In vitro drug release profile (n=3). (j) Stability study of FA/EM@PEI-

NCTD in terms of particle size and PDI in phosphate buffer saline (PBS) (pH 7.4) for

7 days (n=3). Data are presented as mean ± standard deviation (SD).

respectively, reflecting a clear charge reversal due to the erythro-

cyte membrane coating (Fig. 1d). Since NCTD lacks intrinsic flu-

orescence and cannot be easily labeled, we employed 5-carboxyl

fluorescein (5-FAM, green fluorescence) instead of NCTD to prepare

PEI-5-FAM. EM was labeled with DiD (red fluorescence), and nu-

clei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Flu-

orescence distribution was visualized using CLSM. Fig. 1h shows

that the green and red fluorescence signals were co-localized and

distributed around the periphery of the cell nucleus, verifying the

successful coating of PEI-5-FAM with EM.

The release behavior of PEI-NCTD, EM@PEI-NCTD and

FA/EM@PEI-NCTD were studied to evaluate the sustained-release

performance of the delivery systems. From Fig. 1i, EM@PEI-NCTD

and FA/EM@PEI-NCTD exhibited significantly slower release rates

than NCTD and PEI-NCTD. This can be attributed to the small

molecular weight of free NCTD [24], which enabled it to rapidly

permeate through the dialysis membrane, resulting in a cumulative

release rate of 91.91%±1.18% within 1h. Conversely, the cumula-

tive release rates of EM@PEI-NCTD and FA/EM@PEI-NCTD over 24h

was 51.47%±1.97% and 50.82%±1.03%, respectively, confirming

the sustained-release effect of our drug delivery system.

The stability of PEI-NCTD, EM@PEI-NCTD and FA/EM@PEI-NCTD

were also assessed. Fig. 1j shows the particle size and PDI of

EM@PEI-NCTD and FA/EM@PEI-NCTD remained stable in 7 days.

In contrast, PEI-NCTD exhibited a gradual increase in both parti-

cle size and PDI starting from day 3, suggesting aggregation over

time. The result demonstrates that EM modification enhances the

dispersion stability of nanoparticles, likely by providing a protec-

tive biomimetic interface [25–27].

To confirm that membrane protein composition, particularly

CD47 expression, remained intact during nanoparticle fabrication,

we performed sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) and Western blot (WB) analyses. As shown

in Figs. 2a–c, no significant changes were observed in either the

overall protein profile or CD47 expression levels.

Subsequently, we evaluated the in vitro function of FA/EM@PEI-

NCTD. Hemolysis assays (Figs. 2d and e) revealed that the hemol-

ysis rates of PEI, NCTD, PEI-NCTD, EM@PEI-NCTD and FA/EM@PEI-

Fig. 2. Protein expression, in vitro biocompatibility and efficacy. (a) WB analysis and

(b) quantitative assessment of ATP1A and CD47 protein expression on (1) EM, (2)

EMVs, (3) PEI-NCTD, (4) FA/@PEI-NCTD (n=3). (c) Total protein analysis of (1) EM,

(2) EMVs, (3) PEI-NCTD, (4) FA/@PEI-NCTD via SDS-PAGE. Hemolysis assay: (d) Rep-

resentative images (lanes 1–7 correspond to PEI, NCTD, PEI-NCTD, EM@PEI-NCTD,

FA/EM@PEI-NCTD, 0.9 % NaCl, and H2O); (e) hemolysis rate analysis (n=3). (f) Via-

bility of HEK-293 cells treated with different drug formulations (n=5). (g) Viability

of H22 cells treated with NCTD (n=5). (h) Viability of H22 cells treated with differ-

ent drug formulations (n=5). Data are presented as mean ± SD. ns, non-significant.
∗∗∗P<0.001.

NCTD were 4.31%±0.22%, 0.93%±0.12%, 4.56%±0.38%,

2.38%±0.18% and 1.27%±0.25%, respectively, suggesting that

the encapsulation strategy notably reduced the hemolytic poten-

tial of PEI-NCTD, with FA/EM@PEI-NCTD demonstrating superior

blood compatibility.

The cytotoxicity of FA/EM@PEI-NCTD on normal human embry-

onic kidney cells (HEK-293) was investigated using the CCK-8 as-

say. As illustrated in Fig. 2f, PEI-NCTD exhibited the highest cy-

totoxicity among all groups. In contrast, FA/EM@PEI-NCTD main-

tained relatively high cell viability across various concentrations,

indicating favorable biocompatibility.

Moreover, the anticancer efficacy was evaluated using mice

hepatoma cells (H22). When NCTD was incubated with H22 cells

at a concentration of 1 μg/mL, the cell viability remained at

95.50%±5.85%, indicating negligible inhibitory effects. However,

at an elevated concentration of 20μg/mL, H22 cell viability sharply

decreased to 32.00%±5.82% (Fig. 2g). Fig. 2h shows that PEI-NCTD

and FA/EM@PEI-NCTD demonstrated significantly enhanced cyto-

toxic effects compared to free NCTD at equivalent concentrations.

A concentration-dependent increase in cytotoxicity was also ob-

served. These results indicate that conjugation with PEI enhances

the antitumor activity of NCTD, and the FA/EM@PEI-NCTD system

effectively combines therapeutic potency with improved biosafety.

Cellular uptake of FA/EM@PEI-NCTD by H22 cells was inves-

tigated using CLSM and flow cytometry. As shown in Fig. 3a,

nanoparticles labeled with 5-FAM exhibited punctate green fluo-

rescence localized around the nucleus, indicating successful inter-

nalization. To examine the uptake further quantitatively by H22

cells, the fluorescence intensity was measured via flow cytome-

try. According to Fig. 3b, the curves of PEI-5-FAM, EM@PEI-5-FAM,

and FA/EM@PEI-5-FAM significantly shifted to the right compared

to the control group, confirming that H22 cells had taken up the

nanoparticles, which was consistent with the CLSM results. Quan-

titative analysis of mean fluorescence intensity (MFI) (Fig. 3c) re-

vealed that PEI-5-FAM achieved markedly higher uptake efficiency,

likely due to the cationic nature of PEI enhancing cellular inter-

nalization. Furthermore, FA/EM@PEI-5-FAM exhibited significantly

greater MFI than EM@PEI-5-FAM, indicating that FA modification

enhanced tumor-targeting efficiency in vitro. We further examined

nanoparticle uptake in RAW 264.7 cells. As presented in Figs. 3d–f,
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Fig. 3. Analysis of targeting and internalization behavior in vitro. (a) In vitro up-

take analysis of free 5-FAM and 5-FAM-labeled nanomedicine in H22 cells was per-

formed by CLSM (scale bar: 10 μm). Analysis of H22 cells uptake: (b) Flow cytom-

etry histogram and (c) mean fluorescence intensity quantification (n=3). (d) CLSM

images of RAW 264.7 cells uptake (scale bar: 20 μm). Analysis of RAW 264.7 cells

uptake: (e) Flow cytometry histogram and (f) mean fluorescence intensity quantifi-

cation (n=3). (g) Fluorescence signal distribution in mice over time (tumor regions

highlighted with red dashed circles). (h) Analysis of fluorescence intensity in or-

gans and tumors of mice at 24h post-injection. Data are presented as mean ± SD.
∗∗∗P<0.001.

PEI-5-FAM displayed the highest MFI among all groups. However,

the presence of EM significantly reduced the uptake of EM@PEI-

NCTD and FA/EM@PEI-NCTD. Importantly, no significant difference

was observed between the MFI of these two EM-coated groups,

confirming that FA modification did not impair the CD47-mediated

reduction in macrophage uptake [20,28,29].

To further verify the in vivo targeting capability of the nanoplat-

form, fluorescence imaging was conducted (Figs. 3g and h). The

fluorescence signals in tumor tissues of the DiD-FA/EM@PEI-NCTD

group were stronger than that of the DiD-EM@PEI-NCTD group,

confirming that FA modification notably increased tumor accumu-

lation efficiency in vivo [30]. Additionally, a strong fluorescence sig-

nal was also observed in the liver, indicating a preferential hepatic

distribution, which is expected for targeted HCC therapy. All the

experiments involving animals were conducted in accordance with

the guidelines for the care and use of laboratory animals of Shang-

hai Jiao Tong University and were approved by the Animal Ethics

Committee (approval No. 202501407).

For in vivo antitumor evaluation, a subcutaneous HCC mouse

model was established. Five mice from the same cohort were

randomly designated as the Normal group and were not sub-

jected to H22 tumor cell inoculation, while the remaining mice

received subcutaneous tumor implantation. Once tumors reached

80–100mm³, mice were randomized into six groups (n=5 per

group). The treatment strategy is illustrated in Fig. 4a. Survival

analysis (Fig. S1 in Supporting information) showed that the

median survival of mice treated with FA/EM@PEI-NCTD was

significantly extended to 49 days, compared to 21 days in the

control group and 31 days in the free NCTD group. Fig. S2e

(Supporting information) indicates that NCTD and its delivery

systems elevated white blood cell counts, consistent with previous

findings [31].

Notably, mice in the FA/EM@PEI-NCTD group exhibited hema-

tological parameters similar to those of the normal group,

whereas PEI-NCTD treatment led to decreased red blood cell

counts, hemoglobin levels, and platelet counts, suggesting poten-

tial hemolytic toxicity.

As shown in Figs. S2–S4 (Supporting information), the levels

of alanine aminotransferase (ALT) and aspartate aminotransferase

(AST) in the control group and PEI group were higher, indicating

hepatic injury (Figs. S2a–d). In the NCTD group, a significant re-

duction in blood urea nitrogen (BUN) and an increase in creatinine

(CREA) levels were observed, reflecting nephrotoxic effects. In con-

trast, the FA/EM@PEI-NCTD group exhibited no kidney damage. Fig.

S3a revealed that the weights of mice in PEI-NCTD group were sig-

nificantly lower than the Control group, indicating the toxicity of

PEI-NCTD, while the mice receiving FA/EM@PEI-NCTD maintained

stable body weight increases throughout treatment. Moreover, or-

gan index analysis (Fig. S3b) showed no notable differences in or-

gan weights between the FA/EM@PEI-NCTD and Normal groups.

From Fig. S4, the renal tissues of mice treated with NCTD exhibited

signs of renal interstitial edema and necrosis of tubular epithelial

cells (highlighted by black arrows), confirming renal toxicity. How-

ever, kidneys from the FA/EM@PEI-NCTD group appeared histolog-

ically normal, further verifying the biocompatibility of the NCTD

drug delivery system.

As illustrated in Figs. 4b and c, mice treated with FA/EM@PEI-

NCTD demonstrated the slowest tumor growth rate, as evi-

denced by the minimal increase in tumor volume over time.

Correspondingly, Fig. 4d shows that the average tumor weight

in the control group was 0.82±0.14 g, significantly higher than

that in the EM@PEI-NCTD and FA/EM@PEI-NCTD groups, which

were 0.45±0.08 g and 0.40±0.10 g, respectively. Tumor inhibi-

tion rates (TIR) further confirmed the therapeutic advantage

of FA/EM@PEINCTD (Fig. 4e). Specifically, the TIRs for the PEI,

NCTD, PEI-NCTD, EM@PEI-NCTD, and FA/EM@PEI-NCTD groups

were 4.4 %±3.4%, 28.0 %±5.1%, 40.0 %±8.5%, 42.6 %±3.6%, and

49.0%±6.4%, respectively. Compared with free NCTD group, the

FA/EM@PEI-NCTD group exhibited a significantly higher inhibition

rate, highlighting its enhanced antitumor efficacy in vivo. From the

H&E staining of Fig. 4f, tumor cells in all groups showed abnor-

mal morphology like disordered arrangement, enlarged nuclei with

hyperchromasia, and pleomorphic features including megakary-

ocytes, binucleation, and multinucleation. In contrast to the Con-

trol and PEI groups, which displayed no significant pathologi-

cal alterations, tumor tissues from the NCTD, PEI-NCTD, EM@PEI-

NCTD, and FA/EM@PEI-NCTD groups demonstrated pronounced nu-

clear condensation, fragmentation, and dissolution (indicated by

black arrows), suggesting killing effect on tumor cells. Quantita-

tive analysis of TUNEL staining (Fig. 4g) demonstrated fluorescence

intensity positively correlated with apoptosis rate. EM@PEI-NCTD

(14.62%±0.99%) and FA/EM@PEI-NCTD (16.39%±0.51%) exhibited

peak apoptosis rates, significantly exceeding NCTD and PEI-NCTD

groups (P<0.001), validating enhanced tumor cytotoxicity through

the delivery system. Additionally, ImageJ quantification of Ki-67

staining (Fig. 4h) showed highest Ki-67 positivity in these groups

(37.56%±2.67% and 34.42%±0.72%, respectively; P<0.001 vs. oth-

ers), confirming maximal proliferation. Conversely, NCTD treat-

ments suppressed proliferation, with FA/EM@PEI-NCTD exerting

stronger inhibitory effects than NCTD, PEI-NCTD, and EM@PEI-

NCTD.

As shown in Figs. S5 and S6 (Supporting information), the un-

derlying antitumor mechanism was investigated (Fig. S5a). The re-

sults revealed that FA/EM@PEI-NCTD upregulated the expression

of pro-apoptotic proteins (caspase-3 and Bax), while concurrently

downregulating the anti-apoptotic protein (Bcl-2) (Figs. S5b–e),

suggesting that the therapeutic effect of FA/EM@PEI-NCTD was me-

diated by the induction of apoptosis and suppression of tumor cell

proliferation. Quantitative analyses confirm that the tumor cells of

FA/EM@PEI-NCTD had the highest apoptosis rate (Fig. S6).
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Fig. 4. In vivo anti-tumor efficacy. (a) Schematic diagram of tumor inoculation and treatment plan in H22 tumor model. (b) Average tumor volume change curve in different

groups (n=5) after treatment. (c) Tumor photographs in different groups (n=5) at the end of treatment. (d) Tumor weight comparison in mice (n=5) after treatment.

(e) Tumor inhibition rate analysis in different groups (n=5) at the end of treatment. (f) Histological analysis of mouse tumor tissue using hematoxylin and eosin (H&E)

staining (scale bar: 50 μm), black arrows highlight regions exhibiting injury; CLSM images of TdT-mediated dUTP nick-end labeling (TUNEL) staining (scale bar: 100μm)

of mice tumors and microscopy images of Ki-67 staining (scale bar: 50 μm) of mice tumors. (g) Quantitative analysis of fluorescence positivity of TUNEL staining of mice

tumors (n=5). (h) Quantitative analysis of immunohistochemical positivity of Ki-67 staining of mice tumors (n=5). Data are presented as mean ± SD. ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001.

This study developed a novel targeted drug delivery system for

hepatocellular carcinoma, FA/EM@PEI-NCTD. The system was con-

structed by synthesizing PEI-NCTD nanoparticles via ionic interac-

tion, coating them with erythrocyte membranes, and conjugating

folic acid ligands. PEI-NCTD provided high drug loading, EM coat-

ing reduced macrophage uptake, and FA modification enhanced tu-

mor cell targeting. In vivo, the system prolonged survival, inhib-

ited tumor growth, and reduced NCTD-induced nephrotoxicity in

H22 tumor-bearing mice, while maintaining normal hematologi-

cal, biochemical, and histological parameters. Fluorescence imaging

confirmed enhanced tumor accumulation, and mechanistic stud-

ies showed promotion of apoptosis (upregulated caspase-3, Bax;

downregulated Bcl-2). Overall, FA/EM@PEI-NCTD offers an effective

strategy to improve NCTD’s therapeutic potential in liver cancer.
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