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a b s t r a c t

T-cell acute lymphoblastic leukemia (T-ALL) is a common yet severe pediatric cancer treated with l-

asparaginase (ASP). To boost the treatment’s effectiveness and lessen its toxicity, enzyme@MOF nanopar-

ticles were engineered with a hyaluronic acid (HA)-targeted polyethylene glycol (PEG) surface. These

nanoparticles, termed ASP@MOF/PEG-HA, showed efficient uptake by drug-resistant T-ALL cells. The pH-

sensitive zeolitic imidazolate framework-8 (ZIF-8) based metal-organic framework (MOF) nanoparticles

allowed the encapsulated ASP to significantly increase cytotoxicity against T-ALL cells. Furthermore, HA’s

ability to bind to T-ALL cells with elevated CD44 expression further induced apoptosis in CD44+ T-ALL

cells with poor prognosis. In animal models, the nanoparticles improved survival rates and reduced the

burden of leukemia, demonstrating substantial anti-leukemia effects. Thus, these nanoparticles offer an

effective treatment approach for drug-resistant T-ALL cells characterized by increased CD44 expression.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acute lymphoblastic leukemia (ALL) is a critical hematologic

malignancy and the predominant form of pediatric cancer [1],

contributing to about one-fourth of all pediatric cancer diagnoses

[2,3]. ALL can be categorized into B-cell and T-cell types accord-

ing to immunophenotype, with T-cell ALL constituting 15%–25% of

new cases each year [4,5]. Patients with T-ALL typically exhibit a

higher resistance to traditional chemotherapy, are associated with

genetic subtypes indicative of poor outcomes, and have limited ac-

cess to effective targeted treatments, immunotherapies, and T-cell

therapies, leading to poorer survival rates compared to B-ALL pa-

tients [6].
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l-Asparaginase (ASP) is an enzyme crucial for breaking down

asparagine [7], an amino acid essential for the proliferation of lym-

phoblasts [8]. It has been a staple in multi-drug chemotherapy

treatments for ALL since the 1960s [9]. Although effective, ASP

can cause severe side effects such as allergic reactions, pancreati-

tis, liver damage, and thrombosis [10]. These adverse effects often

lead many pediatric patients to stop the treatment [11], which neg-

atively impacts the disease-free survival (DFS) among high-risk pa-

tients [12]. Thus, minimizing ASP’s side effects while preserving its

efficacy is a key research priority [13].

ASP immobilization is a strategy to lessen these side effects.

One approach modifies the enzyme’s structure either chemically

or physically, which might expose it to environmental factors and

reduce its functionality. Alternatively, embedding or encapsulat-

ing the enzyme within carrier materials preserves its activity and

decreases toxicity, extends its in vivo half-life, enhances stability

https://doi.org/10.1016/j.cclet.2025.111222
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Scheme 1. Schematic representation of the synthesis of ASP@MOF/PEG-HA NPs and

the mechanism underlying anti-leukemia treatment.

[14], and facilitates targeted delivery and controlled release [15–

17]. Metal-organic frameworks (MOFs) are composed of organic

ligands and metal ions/metal clusters linked through coordination

bonds [18,19]. These frameworks boast large specific surface ar-

eas, customizable pore sizes, diverse compositions, and are eas-

ily functionalized on their surfaces [20–22]. By encapsulating en-

zymes within the cavities of MOFs (enzyme@MOFs), the enzymes

are effectively shielded by a robust "MOF armor", which notably

improves enzyme stability and prolongs drug half-life [23]. The

porous architecture of MOFs also selectively enables substrates to

access the active sites, boosting catalytic efficiency [24,25]. This

dual enhancement renders enzyme@MOFs extremely promising for

use in sensing, catalysis, and bioengineering [26].

The progression and recurrence of T-ALL are closely associ-

ated with the survival of leukemia-initiating cells (LIC) [27], iden-

tified by their high CD44 expression [28]. An early indicator in T-

ALL progression is NOTCH activation, which dominates the onco-

genic landscape in about 80% of T-ALL cases [29]. NOTCH1 sig-

naling directly influences CD44 transcription in T-ALL cells, with

NOTCH1 activation resulting in heightened CD44 expression [30].

Elevated CD44 levels serve as a biomarker for chemotherapy-

resistant leukemia cells in T-ALL [31], and children with high

CD44 levels often experience increased invasiveness and severe ex-

tramedullary infiltration. Thus, CD44 expression is strongly linked

to high-risk T-ALL and is indicative of poor prognosis [32]. Target-

ing CD44 to reduce bone marrow infiltration and leukemia bur-

den can subsequently enhance overall survival (OS) in children,

suggesting that CD44 is a viable target for eradicating leukemia

stem cells [32]. The interaction between CD44 and its main ligand,

hyaluronic acid (HA), triggers several signaling pathways involved

in cell proliferation, adhesion, migration, and invasion [33]. Utiliz-

ing this feature, we engineered nanoparticles with HA to promote

their uptake via CD44-mediated endocytosis. Such an approach is

already employed in nanomaterials for targeted treatment of acute

myeloid leukemia (AML) [34].

Expanding on this foundation, as depicted in Scheme 1, we pro-

pose the development of a pH-responsive, targeted enzyme@MOFs

nanoparticle using ASP-induced zeolitic imidazolate framework-8

(ZIF-8) nucleation for treating T-ALL. We altered the surface of ASP

by acylation to add a negative charge, using a novel encapsula-

tion technique that relies on rapid enzyme-triggered ZIF-8 nucle-

ation. This method ensures that the encapsulated ASP retains high

activity. The produced enzyme@MOF nanoparticles are further en-

hanced with polyethylene glycol (PEG) to improve their water sol-

ubility, stability, and biosafety, and to extend their half-life [35,36].

Additionally, surface modification with HA ensures targeted deliv-

ery to T-ALL cells overexpressing CD44 receptors. Overall, our de-

Fig. 1. Characterization, enzyme activity, cellular uptake of nanodrugs, and cel-

lular CD44 expression. (A) DLS analysis of the particle size distribution of

ASP@MOF/PEG-HA and ASP@MOF/PEG NPs in PBS (pH 7.4). (B) Stability evalua-

tion of ASP@MOF/PEG-HA and ASP@MOF/PEG NPs dissolved in PBS buffer over 7

days using DLS. Representative TEM images of ASP@MOF/PEG-HA in PBS solution at

pH 7.4 (C) and pH 5.0 (D). (E) Enzyme activity of free ASP, ASP@MOF/PEG-HA, and

ASP@MOF/PEG at pH values of 7.4, 6.5, and 5. Data are presented as mean ± stan-

dard deviation (SD) (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗∗P<0.0001. Two-way ANOVA,

post hoc comparisons, Tukey’s test. Fluorescence intensity images (F) and flow cy-

tometry analysis (G) of ICG uptake in CCRF-CEM cell after incubation of MOF/PEG-

ICG for specified times. CD44 expression on the surface of CCRF-CEM (H) and Jurkat

(I) cells.

signed nanodrug, ASP@MOF/PEG-HA NPs, aims to extend the drug’s

half-life, increase the targeting of ASP, and overcome drug resis-

tance, offering a new approach to treat drug-resistant T-ALL char-

acterized by high CD44 expression.

In this study, the anti-T-ALL chemotherapeutic agent

ASP@MOF/PEG-HA was successfully synthesized. ZIF-8 NPs are

widely acknowledged for their ability to carry molecules, enzymes,

DNA, and proteins. Additionally, their pH-sensitive and biodegrad-

able properties have been utilized to enable the pH-sensitive con-

trolled release of nanoparticles [37]. A ZIF-8 enzyme-immobilized

core was constructed through a one-step mineralization reaction

using the "Zn2+−2-methylimidazole-ASP" ternary system. The

coordination between the zinc and imidazolate ions dissociates

at pH 5.0–6.0, which makes the drug release pH responsive and

optimal for targeting cancer cells. Subsequently, HA-PEG-NH2 was

employed to modify the surface of the drug-loaded ZIF-8 nanopar-

ticles via coordination interactions between terminal amino groups

and Zn2+, enhancing aqueous solubility and biocompatibility. The

HA moiety, possessing CD44 receptor-targeting functionality,

confers specific targeting and recognition capabilities toward

leukemia cells. The resulting targeted nanomedicine is designated

as ASP@MOF/PEG-HA. Measurements from the Malvern parti-

cle size analyzer revealed that the nanoparticles ASP@MOF/PEG

and ASP@MOF/PEG-HA had average sizes of 97.95 and 98.05nm,

respectively (Fig. 1A). The polydispersity index (PDI) of these

nanoparticles was 0.227 and 0.247 (Fig. 1B), suggesting a narrow

particle size distribution. Furthermore, dynamic light scattering

(DLS) analysis showed that both nanoparticles maintained a stable

particle size distribution and PDI over a period of 7 days (Fig.

1B), and retained excellent stability in phosphate-buffered saline
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(PBS) with 10% fetal bovine serum (FBS) (Fig. S1 in Supporting

information). Transmission electron microscopy (TEM) showed that

ASP@MOF/PEG-HA in PBS) at pH 7.4 exhibited spherical nanoparti-

cles with an average diameter of 100nm, showing no degradation

(Fig. 1C). However, when exposed to an acidic PBS solution for

24h, ASP@MOF/PEG-HA underwent considerable degradation,

leading to the loss of intact nanoparticles (Fig. 1D), confirming

the pH-sensitive biodegradation and drug release properties of

ASP@MOF/PEG-HA.

At pH 7.4, ASP exhibited its highest enzyme activity. However, a

decrease in pH led to a reduction in enzyme activity. Despite this,

ASP retained a significant portion of its activity even at pH 5. The

activity of ASP@MOF/PEG and ASP@MOF/PEG-HA, was lowest at pH

7.4 but increased as the pH decreased, peaking at pH 5.0 (Fig. 1E).

It is hypothesized that at pH 5.0, the MOF fully degraded, releasing

the enzyme, which then interacted with the assay reagents. In con-

trast, at pH levels of 6.5 and 7.4, the MOF maintained its structural

integrity, limiting the accessibility of the encapsulated ASP.

To verify the uptake of the nanodrugs by CCRF-CEM cells,

MOF/PEG-ICG nanodrugs were synthesized. Indocyanine green

(ICG), which fluoresces in the near-infrared spectrum, has been ap-

proved for tumor imaging, tracking, and treatment [38,39]. Confo-

cal laser scanning microscopy (CLSM) showed that as the exposure

time to the MOF/PEG-ICG nanodrug increased, cellular uptake sig-

nificantly increased, with an increase in ICG fluorescence intensity

(Fig. 1F). Additionally, flow cytometry confirmed time-dependent

uptake (Fig. 1G).

To determine whether ASP@MOF/PEG-HA can specifically target

CD44 on T-ALL cells, T-ALL cells were screened with a CD44 anti-

body, which identified CCRF-CEM cells as CD44-positive (Fig. 1H)

and Jurkat cells as CD44-negative (Fig. 1I).

Using the cell counting kit-8 (CCK-8) assay, the effects

of MOF/PEG, ASP@MOF/PEG, ASP@MOF/PEG-HA, and ASP

were assessed. The results showed that ASP@MOF/PEG and

ASP@MOF/PEG-HA induced dose-dependent cytotoxicity in

CCRF-CEM cells, leading to a significant decrease in cell via-

bility, with half-maximal inhibitory concentration (IC50) val-

ues of 0.907±0.038 and 0.425±0.035mg/mL, respectively.

These values were superior to those of ASP alone (IC50:

10.592±0.858mg/mL) and MOF/PEG (IC50: 3.878±0.071mg/mL)

(Fig. 2A). ASP@MOF/PEG-HA achieved therapeutic effects with a

lower concentration attributable to its specific targeting of CD44,

Comparable results were observed in Jurkat cells (Fig. 2B).

Safety experiments showed that at concentrations below

3.5mg/mL of ASP or MOF/PEG, there was no significant im-

pact on the cell viability of human umbilical vein endothelial

cells (HUVEC). At concentrations below 1.25mg/mL, ASP@MOF/PEG

and ASP@MOF/PEG-HA preserved cell viability above 80%, with

IC50 values (ASP@MOF/PEG: 2.28±0.03mg/mL; ASP@MOF/PEG-HA:

2.15±0.04mg/mL), significantly higher than those for T-ALL cells

(Fig. 2C). This finding confirms the biosafety of the nanodrugs. Flu-

orescence microscope showed low toxicity of the nanodrugs to

CCRF-CEM cells (Fig. S2 in Supporting information), Jurkat cells

(Fig. S3 in Supporting information) and HUVEC (Fig. S4 in Support-

ing information).

Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide

(PI) staining demonstrated that as the drug concentration in-

creased, there was a corresponding rise in the apoptosis rate of

CCRF-CEM (Fig. 2D) and Jurkat (Fig. S5 in Supporting information)

cells. ASP@MOF-PEG and ASP@MOF-PEG-HA induced higher apop-

tosis rates than ASP and MOF/PEG alone, with similar results ob-

served in HUVEC (Fig. S8 in Supporting information).

Mitochondrial depolarization was detected by JC-1 staining, re-

vealing that ASP@MOF/PEG and ASP@MOF/PEG-HA significantly

decreasedthe mitochondrial transmembrane potential (�Ψm) in

CCRF-CEM cells (Fig. 2E) and Jurkat cells (Fig. S6 in Supporting

Fig. 2. Anti-tumor effects of nanodrugs in vitro. The percentage of cell viability

in CCRF-CEM (A), Jurkat (B), and HUVEC (C) cells after treatment with nanodrugs

MOF/PEG, ASP@MOF/PEG, ASP@MOF/PEG-HA, and ASP. Following 24-h treatment

of CCRF-CEM cells with specific concentrations of nanoparticle drugs (MOF/PEG,

ASP@MOF/PEG, ASP@MOF/PEG-HA, and ASP). Cell apoptosis was measured by flow

cytometry using the Annexin V/PI method. Dot plot: mean ± SD from 3 separate

studies (right). ns, not significant. ∗P<0.05, ∗∗∗P<0.001. One-way ANOVA, post hoc

comparisons, Tukey’s test. (D) Changes in mitochondrial potential in CCRF-CEM cells

post-treatment with various drugs were assessed by JC-1 staining (E).

information), indicating activation of the intrinsic apoptotic path-

way. ASP@MOF/PEG-HA, modified with HA for CD44 targeting, ex-

hibited stronger apoptotic effect. Additionally, the apoptosis rate

in HUVEC was notably lower than in T-ALL cells, suggesting that

these nanoparticle drugs selectively target T-ALL cells and their

high safety profile.

Propidium iodide staining combined with flow cytometry anal-

ysis showed that MOF/PEG, ASP@MOF/PEG and ASP@MOF/PEG-HA

induced G2/M phase arrest in both CCRF-CEM and Jurkat cells (Fig.

S7 in Supporting information). ASP primarily caused G2/M phase

arrest in CCRF-CEM cells but induced G0/G1 phase arrest in Jurkat

cells, suggesting differential response between the two cell lines,

likely due to T-ALL heterogeneity.

To investigate the in vivo distribution of nanoparticles, CCRF-

CEM cells were injected into the tail vein of NCG mice to create

a cell-derived xenograft (CDX) model of T-ALL (Fig. 3A) [40,41].

All experimental procedures involving animals were conducted in

accordance with the NIH Guide for the Care and Use of Labora-

tory Animals under the approved protocol (No. SYSU-IACUC-2024-

B0897). One week after transplantation, peripheral blood was col-

lected for flow cytometry to measure the proportion of hCD45+

cells; a ratio exceeding 1% confirmed the successful establishment

of the model. T-ALL mice were administered fluorescently labeled

free ICG or MOF/PEG-ICG. In vivo imaging showed that free ICG

fluorescence was detected within the first hour but rapidly de-
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Fig. 3. In vivo anti-leukemic efficacy and biosafety of nanodrugs. (A) Establishment

of CDX T-ALL mouse model. (B) Bioluminescence imaging of T-ALL mice at differ-

ent time points after injection of free ICG or MOF/PEG-ICG. (C) Fluorescence imag-

ing of major organs in T-ALL mice was performed 24h post-injection of free ICG

or MOF/PEG-ICG nanodrugs. (D) Survival curves of T-ALL mice across treatment

groups. (E) Body weight change curve of T-ALL mice in different treatment group.

(F) Spleen morphology and (G) weight of T-ALL mice in each treatment group at

day 22 post-modeling. (H–J) Flow cytometry analysis of leukemia cell proportions

in bone marrow (H), spleen (I), and peripheral blood (J) of T-ALL mice from each

treatment group at day 22 post-modeling, with quantitative analysis for bone mar-

row (K), spleen (L), and peripheral blood (M). Dot plot: mean ± SD from 4 mice.
∗P<0.05, ∗∗∗P<0.001. One-way ANOVA, post hoc comparisons, Tukey’s test.

creased, with minimal retention after 24h. In contrast, MOF/PEG-

ICG fluorescence appeared within 1h and declined slowly, with

significant retention still observed after 24h (Fig. 3B). These results

confirm that MOF/PEG-ICG has a significantly higher in vivo up-

take rate than free ICG. Imaging analyses of major organs revealed

pronounced internalization of MOF/PEG-ICG in the bone marrow

(an organ with high T-ALL cell concentration), while free ICG was

mainly absorbed by the liver (Fig. 3C). These findings indicate that

MOF/PEG-ICG may preferentially target leukemia cells and exhibits

effective in vivo retention and organ targeting, laying the founda-

tion for evaluating its anti-tumor efficacy in vivo.

The T-ALL mice were randomly assigned to six treatment

groups (8 mice per group) and treated with the following:

PBS (control group), MOF/PEG, ASP, PEG-ASP, ASP@MOF/PEG, and

ASP@MOF/PEG-HA. The in vivo anti-leukemic effects of the nan-

odrugs were evaluated by monitoring changes in body weight and

survival rates, as well as by measuring the leukemia burden in

blood, spleen, and bone marrow on day 22 post-cell injection.

The survival analysis indicated that the ASP@MOF/PEG-HA group

significantly prolonged the survival of the mice, while both the

ASP@MOF/PEG and PEG-ASP groups also demonstrated improved

survival rates (Fig. 3D).

The Control, MOF/PEG, and ASP groups showed signifi-

cant weight loss, while the ASP@MOF/PEG and ASP@MOF/PEG-

HA groups maintained stable body weight (Fig. 3E). Both the

ASP@MOF/PEG and ASP@MOF/PEG-HA groups successfully inhib-

ited splenic enlargement (Figs. 3F and G). Flow cytometry analysis

of bone marrow (Fig. 3H) spleen (Fig. 3I), and peripheral blood (Fig.

3J) cells was conducted to determine the proportion of hCD45+
cells, followed by the quantification of leukemia burden (Figs. 3K–

M). The data showed that the proportions of hCD45+ cells in the

ASP@MOF/PEG, ASP@MOF/PEG-HA, and PEG-ASP groups were sig-

nificantly lower than in the control group, with the ASP@MOF/PEG-

HA group having the lowest proportion, likely due to the targeted

inhibition of leukemia cells through CD44 binding. These find-

ings suggest that both ASP@MOF/PEG-HA and ASP@MOF/PEG nan-

odrugs effectively reduce tumor burden in vivo and extend survival,

with ASP@MOF/PEG-HA showing the highest efficacy. Additionally,

no significant differences in body weight, survival, or other ad-

verse reactions were observed between the groups treated with

MOF/PEG and PBS, suggesting that the drug showed constrained

therapeutic outcomes.

To assess the toxicity of the nanoparticles in tissues of T-ALL

mice, various treatments including PBS, MOF/PEG, ASP, PEG-ASP,

ASP@MOF/PEG, and ASP@MOF/PEG-HA were administered to NCG

mice. Routine blood tests, such as white blood cells, red blood

cells, platelets, and lymphocyte ratios, remained within normal

ranges (Fig. 4A). This indicates that the nanodrugs ASP@MOF/PEG,

and ASP@MOF/PEG-HA did not cause significant adverse effects

on hematopoietic function. Liver function, measured by ala-

nine aminotransferase (ALT) and aspartate aminotransferase (AST),

showed no abnormalities, and kidney function markers, including

blood urea nitrogen (BUN) and creatinine (CREA), were also within

normal limits (Fig. 4B). Furthermore, histological analysis using

hematoxylin and eosin (H&E) staining revealed no tissue damage in

the major organs (heart, liver, spleen, lung, and kidney) across all

treatment groups (Fig. 4C). This further supports the good biosafety

profile of the synthesized nanodrugs. In conclusion, the data indi-

cate that the synthesized nanodrugs, particularly ASP@MOF/PEG-

HA, demonstrate superior therapeutic efficacy compared to

ASP and PEG-ASP while exhibiting minimal toxicity and side

effects.

ASP treatment for T-ALL is often associated with severe aller-

gic reactions and other side effects, leading to discontinuation of

therapy and a poor prognosis. In this study, we developed the

nanoparticles ASP@MOF/PEG-HA by encapsulating ASP through a
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Fig. 4. In vivo biosafety assessment. (A) Analysis of routine blood tests and (B) liver

and kidney functionin T-ALL mice under different treatment regimens Dot plot:

mean ± SD from 4 mice. ∗P<0.05, ∗∗∗P<0.001. One-way ANOVA, post hoc com-

parisons, Tukey’s test. (C) Representative histopathological images of major organs

in T-ALL mice after various treatment. Scale bar: 100μm.

rapid enzyme-triggered MOF nucleation process. Effective uptake

of these nanoparticles by T-ALL cells was demonstrated. The pH-

responsive release properties of the MOF enabled targeted re-

lease of ASP within T-ALL cells, preserving high enzyme activity

and significantly enhancing its cytotoxic effects. The PEG coating

improved water solubility, extended the drug’s half-life, and in-

creased biosafety, reducing toxicity to normal cells while main-

taining strong cytotoxicity against T-ALL cells. Additionally, the

HA coating, targeting CD44 overexpression on T-ALL cells, pro-

moted increased apoptosis in CD44+ cells, overcoming resistance

mechanisms. In vivo experiments revealed that the ASP@MOF/PEG-

HA nanodrug prolonged survival in T-ALL model mice, reduced

leukemia burden in the bone marrow and spleen, and exhibited

potent anti-leukemia activity. This study emphasizes the impor-

tance of ASP@MOF/PEG-HA nanoparticles in treating T-ALL and

presents a potential therapeutic approach for targeting CD44-

expressing T-ALL cells that are resistant to conventional treat-

ments. The results suggest that this nanodrug holds significant

promise as a therapeutic agent for clinical applications.
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