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a b s t r a c t

Venetoclax (Vene), a BCL-2 inhibitor, is widely used as a chemotherapeutic drug in acute myeloid

leukemia (AML). However, its treatment specificity for leukemia cells is limited, often leading to side

effects and treatment resistance. In this study, we utilized l-phenylalanine as an efficient nanocarrier to

enhance the delivery of Vene, forming the complex Vene@8P6. This complex was then applied to AML

mouse models and human AML cell lines. The in vitro analysis showed that THP-1 and HL60 cells rapidly

absorbed the Vene@8P6 nanoparticles. This absorption resulted in severe DNA damage, increased reactive

oxygen species (ROS) production, elevated apoptosis rates, and decreased cell proliferation compared to

the administration of Vene alone. In vivo studies demonstrated that Vene@8P6 more efficiently targeted

leukemia cells than normal hematopoietic cells within the bone marrow and other major organs in AML

mice, as evidenced by bioluminescence imaging and flow cytometry analysis. Furthermore, Vene@8P6

treatment resulted in reduced drug side effects and improved therapeutic efficacy in AML mice. Overall,

Vene@8P6 represents a novel and efficient therapeutic agent for AML, offering enhanced leukemia target

specificity, reduced side effects, and improved treatment outcomes.

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

Medica, Chinese Academy of Medical Sciences.

Acute myeloid leukemia (AML) is a highly heterogeneous ma-

lignant clonal disease derived from hematopoietic stem and pro-

genitor cells, characterized by myeloid cells over amplification and

hematopoietic dysfunction [1-3]. As one of common hematologi-

cal malignancy, the morbidity rate accounts for approximate 80%

of adult acute leukemia [4]. Extensive differences still exist among

patients in disease course and prognosis despite of continued

progress made on treatment. The percentage of AML patients ad-
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ministrated with chemotherapy who survive over 5 years after di-

agnosis is less than 40% [5-8].

Venetoclax (Vene), the inhibitor of B-cell lymphoma-2 (BCL-2),

directly binds to BCL-2 protein, then releases pro-apoptotic pro-

teins Bim and Bax, resulting in mitochondrial outer membrane

permeability variety and tumor apoptosis [9-12]. Vene combined

with other chemotherapy agents has been a common clinical treat-

ment for leukemia [13-15]. The combination with azacitidine effi-

ciently decreased the anti-apoptotic protein myeloid cell leukemia-

1 (MCL-1), interfered with the energy metabolism and functioned

synergistically on leukemia stem cells [16-18]. Besides, Vene com-

bined with Bromodomain and extra-terminal domain (BET) in-

hibitors and Fms-like tyrosine kinase 3 (FLT-3) inhibitors syner-
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gistically enhanced the anti-leukemia activity [19,20]. However,

the administration of Vene exists an extend of severe myeloabla-

tion side effects, poorly targets leukemia cells, and damage nor-

mal blood cells, thus causing a series of body reactions, including

thrombocytopenia, neutropenia, fever, anemia, leukopenia, etc. [21-

23].

Tumor targeting based on tumor metabolic characteristics

has been widely applied [24,25]. For instance, redox responsive

polymeric nanoparticles and cancer cell membrane camouflaged

biomimetic nanogel designed newly are respectively applied to

the treatment of prostate cancer and tumor inhibition [26,27]. Be-

sides, an increasing application of cancer treatment is based on

nano technology platform, including the pH-responsive theranos-

tic nanotechnology in the magnetic resonance imaging for can-

cer therapy [28]. Sun et al. developed MSN-Fe-CAuNC-DOX@HA

nanosystem (MFADH), which presented obvious anti-tumor effects.

Hyaluronic acid (HA), with characteristics of biocompatibility and

precious tumor targeting, forms a coat that dissolves, allowing

cationic bovine serum albumin-protected, doxorubicin-loaded gold

nanoclusters (CAuNC-DOX) to be released and penetrate the tumor

[29]. In our previous study, we verified that amino acid metabolism

enabled to regulate immunity and cancer, and thus developed an

l-phenylalanine based metabolic reprogramming immune surveil-

lance activation nanomedicine [30,31]. The nanodrug 8P6 loaded

with DOX precisely targeted T cell acute lymphoblastic leukemia

(T-ALL) and extremely reduce the side effects of chemotherapy

agents but maintained normal hematopoietic function stable [31].

However, the role of 8P6 in AML is still indistinct. Therefore, in this

experiment, Vene-loaded 8P6 nanoparticles (Vene@8P6 NPs) were

applied to human leukemia cell lines and mouse AML models.

The 8P6 polymer, a biodegradable l-phenylalanine-based

poly(ester amide), was demonstrated great potential in drug de-

livery [32]. In this study, we utilized 8P6 polymer as a nanocarrier

to deliver Vene, aiming to enhance its therapeutic efficacy against

leukemia. Therefore, we synthesized 8P6 following the protocols

Table 1

Characterization of physicochemical properties of 8P6 NPs and Vene@8P6.

Sample Size (nm) PDIa Zeta potential (mV) DLCb (%) DLEc (%)

8P6 NPs 84.3 0.17 −35.3 N/A N/A

Vene@8P6 NPs 92.2 0.23 −48.8 19.4 96.1

a PDI: Polydispersity index.
b DLC: Drug loading capacity.
c DLE: Drug loading efficiency.

described in a previous study [33]. Details are shown in Support-

ing information. Both 8P6 nanoparticles (8P6 NPs) and Vene@8P6

showed a narrow size distribution and spherical morphology

(Figs. 1A–D). Compared with blank NPs, Vene@8P6 exhibited a

slightly increased size (92.2 nm) and an enhanced negative zeta

potential (−48.8mV). Additionally, Vene@8P6 demonstrated an

ultra-high drug loading efficiency (96.1%) and comparable drug

loading capacity (19.4%) (Table 1). And stability tests indicated that

the size of 8P6 NPs and Vene@8P6 changed slightly, suggesting

good stability in physiological environments (Fig. 1E).

To detect the toxicity and influence of Vene@8P6 on mice, we

collected other tissues for hematoxylin-eosin (HE) staining to ex-

amine whether 8P6 functioned on toxic side effects or body dam-

age. In consistent with previous result [33], no obvious tissue dam-

age represents on the heart, liver, spleen, lung, and kidney after

Vene@8P6 treatment in mice (Fig. 1F). White blood cells (WBC),

neutrophils (Neu), lymphocytes (Lym), red blood cells (RBC) and

platelets (PLT) in peripheral blood of mice administered with 8P6

and Vene@8P6 presented no significant difference compared with

the control group (Figs. 1G–K). Furthermore, we also examined the

liver and kidney function, indicated by the alanine aminotrans-

ferase (ALT) and aspartate aminotransferase (AST), blood urea ni-

trogen (BUN) and creatinine (CREA), respectively (Figs. 1L–O). All

the four indicators detected via peripheral blood plasma of mice,

administered with a three-day consecutive injection of prescrip-

Fig. 1. Fabrication and characterization and in vivo biosafety of Vene@8P6. (A) Size distribution and (B) transmission electron microscopy (TEM) images of 8P6 NPs. Scale bar:

200nm. (C) Size distribution and (D) TEM images of Vene@8P6. Scale bar: 200nm. (E) Change in particle size. (F) Representative histopathological images of major organs

from C57BL/6 J mice with PBS, 8P6, Vene, Vene@8P6 for three consecutive days. Scale bar: 100μm. The levels of WBC (G), Neu (H), Lym (I), RBC (J), PLT (K) of peripheral

blood and ALT (L), AST (M), BUN (N) and CREA (O) in serum with indicated treatments were analyzed at 6 days after the last injection (n=5 mice). ∗P < 0.05. Data are

presented as mean ± standard deviation (SD).
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Fig. 2. 8P6 specifically targets AML cells and enhances cellular uptake efficiency. (A, B) Cell uptake of free DiL and DiL@8P6 in THP-1 leukemic cells. The representative

images (A) and quantification of fluorescence intensity of DiL and DiL@8P6 (B). Scale bar: 20 μm. (C, D) The quantification of fluorescence intensity of Ctrl, DiL and DiL@8P6

at 4h (C) and DiL@8P6 at 0, 1, 2, 4 and 8h (D). (E, F) Cell uptake of free DiL and DiL@8P6 in THP-1 leukemic cells. The representative imaging (E) and quantification

(F) of fluorescence intensity of DiL and DiL@8P6. Scale bar: 20 μm. (G, H) The quantification of fluorescence intensity of Ctrl, DiL and DiL@8P6 by FACS at 4 h (G) and

DiL@8P6 at 0, 1, 2, 4, and 8h (H). (I, J) Ex vivo fluorescence imaging (I) and quantification (J) of DiR intensity in indicated organs from AML and normal mice at 24h after

intravenous injection of free DiR or DiR@8P6 (n=5 mice). (K) Scheme for quantifying DiL@8P6 uptake efficiency by leukemia cells and BM cells in MLL-AF9 mice. (L, M) The

representative flow plots (L) and quantification (M) of DiL intensity in indicated cells from bone marrow of AML mice at 24h after injection of DiL@8P6 (n=5 mice). ∗ P <

0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001. Data are presented as mean ± SD.

tion with 8P6, and not differ significantly. Our data consistently

indicated that Vene@8P6 improved anti-leukemia effectiveness and

reduced toxic side effects.

According to our previous exposition, l-phenylalanine-based

polymer (8P6) was the main reason for the leukemic targeting,

causing a higher cellular uptake than other hematopoietic cells and

progenitors [31]. We further investigated the ability of 8P6 cellu-

lar uptake in AML cells via fluorescent dye in vitro. Meanwhile,

we also assessed the cellular uptake of 8P6 with DiL as a fluo-

rescent probe. Free DiL or DiL-loaded 8P6 (DiL@8P6) was intra-

venously injected into leukemic cells. In consistent as we spec-

ulated, DiL@8P6 manifested obviously and quickly than free dyes

in both THP-1 cells and HL60 cells, which implied that 8P6 effec-

tively targeted leukemic cells (Figs. 2A–H). Such observations were

also verified in AML mice in vivo by injecting with DiR@8P6, which

exhibited a much broader distribution than free DiR under bio-

luminescence monitoring. The construction of the MLL-AF9 AML

murine model was followed the same as before [33]. To investi-

gate the biodistribution of 8P6 in vivo, we adopted DiR was as a

fluorescent probe for tracing 8P6 in the body. Fluorophore was ob-

viously manifested in liver, spleen and lung of both C57 mice and

AML mice (Fig. 2I). Intriguingly, DiR@8P6 was accumulated in most

organs in AML mice (low level in the heart) and especially targeted

bone marrow and spleen, which indicated that Vene could effec-
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Fig. 3. Vene@8P6 enhanced ROS and induced DNA damage and apoptosis in AML cells. (A, B) Quantification of multiplication (A) and apoptotic (B) in THP-1 cells after

treatment with PBS, Vene, 8P6, and Vene@8P6 at indicated time points. (C) Quantification of multiplication in HL60 cells after treatment with PBS, Vene, 8P6, and Vene@8P6

at indicated points. (D, E) Representative image (D) and quantification (E) of γ -H2AX staining in THP-1 cells at 72h after indicated treatments (n=50 cells). Scale bar:

10 μm. (F, G) Representative image (F) and quantification (G) of γ -H2AX staining in HL60 cells at 72h after indicated treatments (n=50 cells). Scale bar: 10 μm. (H–M)

Representative flow plots of ROS levels from THP-1 cells and HL60 cells. Representative flow plots of ROS levels from THP-1 cells (H) at 0, 24, 48, and 72h after treatment

Vene@8P6. Representative flow plots of ROS levels from THP-1 cells at 72h after treatment with PBS, Vene, 8P6, Vene@8P6 (I, J). Representative flow plots of ROS levels

from HL60 cells (K) at 0, 24, 48, and 72h after treatment Vene@8P6. Representative flow plots of ROS levels from HL60 cells at 72h after treatment with PBS, Vene, 8P6,

Vene@8P6 (L, M). ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001. Data are presented as mean ± SD.

tively attacked leukemic cells which originally protected by resid-

ing in the bone marrow (BM) niche (Fig. 2J). Subsequently, we col-

lected the bone marrow of AML mice administrated with DiL@8P6

and measured cell fluorescence to explore the cellular uptake and

drug influence on cells (Fig. 2K). Twenty-four hours after DiL@8P6

administration via tail, we got a higher uptake rate from leukemia

stem cells (LSCs) on account of 90.5%, and a relative high rate of

31.6% from AMLs. On the contrary, only 12.6% of T cells absorbed

DiL@8P6. Besides, the uptake rate of most immune cells was less

than 10%, expect NK cells and B cells but far less than LSCs (Figs.

2L and M). These results suggested that 8P6 precisely target LSC

with little effect on other hematopoietic cells in vivo.

As 8P6 accurately targeted AML cells and spared hematopoi-

etic cells and progenitors in vivo, we assumed that it might be

applied for loading chemotherapeutic agents as a tool to avoid

side effects and harm on other BM cells. Therefore, we encapsu-
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Fig. 4. Vene@8P6 has improved anti-leukemia effectiveness in vivo. (A) Treatment scheme for MLL-AF9 AML mice. (B) Body weight of MLL-AF9 mice for 21 days after

transplantation with indicated treatment (n=5 mice). (C) Frequency of MLL-AF9 cells of peripheral blood at the indicated time after treatments (n=5 mice). Leukemia cells

(GFP+ cells). Cell morphology in a blood smear (D) and the percentage of GFP+ leukemic cells of peripheral blood (E) of MLL-AF9 mice with the indicated treatment at 21 days

after transplantation. Scale bar: 30 μm. Representative images (F) and weight quantification of liver (H) and spleen (G) of MLL-AF9 mice for 21 days after transplantation with

indicated treatment (n=5 mice). Percentage of GFP+ cells (I, J), LSC (K–M), normal cells (N) and HSPC (O, P) in bone marrow of MLL-AF9 mice with the indicated treatment

at 21 days after transplantation. (Q–U) Blood routine analysis of MLL-AF9 mice 21 days after transplantation with indicated treatment (n=5 mice). (V) Overall survival of

MLL-AF9 mice were analyzed after transplantation with indicated treatment. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001. GFP: green fluorescent protein. Data are

presented as mean ± SD.

lated 8P6 with Vene as Vene@8P6 to target leukemia cells. The

proliferation of both THP-1 and HL60 was significantly inhibited

on the influence of Vene@8P6 (Figs. 3A and C). Furthermore, it

also increased the percentage of cell apoptosis in THP-1 dramati-

cally in contract to free drug usage (Fig. 3B). Both THP-1 and HL60

cells revealed a significant decline of cell number on the prolif-

eration administrated with Vene@8P6. Besides, while the prolifer-

ation of THP-1 cells in group of Vene@8P6 also significantly de-

creased compared with single drug therapy. Nanoparticles alone

act less on cells. Moreover, we stained the two-style AML cells

with γ -H2AX in vitro to observe the DNA damage induced by the

four types. Both fluorescence images and intensity analyses re-

vealed that both 8P6 and Vene@8P6 caused severe DNA damage on

THP-1 and HL60 cells (Figs. 3E and G). The relative intensity of γ -

H2AX of administration with Vene@8P6 examined by immunoflu-

orescence staining was significantly severe than single chemother-

apy drug (Figs. 3D and F). Considering the enhanced drug targeting

and the consequent increase on leukemic cell damage above, we

then stained the cells and detected reactive oxygen species (ROS)

to analyze whether Vene@8P6 caused oxidative stress in leukemic

cells. Nanoparticles with drug induced ROS more efficiently than

free Vene in THP-1 and HL60 cells examined by fluorescence acti-

vating cell sorter (FACS) analysis for the ratio of ROS positive cells

(Figs. 3H–M). Overall, we confirmed that Vene@8P6 triggered DNA
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damage and apoptosis, induced by ROS by enhancing cellular up-

take in vitro.

We next applied Vene@8P6 for AML treatment strategy to in-

vestigate the therapy. All animal experiments were performed

based on protocols approved by the Institutional Animal Care

and Use Committee or Ruiye Biotech Guangzhou Co., Ltd. Four

treatments including phosphate buffered saline (PBS), 8P6, Vene

and Vene@8P6 were respectively administrated with to MLL-AF9

AML mice via tail intravenous injection in vivo (Fig. 4A). Ob-

viously, the two treatments with drugs rescued the AML mice

weight. However, the weight of leukemia mice restored signifi-

cantly after Vene@8P6 treatment, even approaching the weight

of healthy C57BL/6 J mice, whereas statistically different compared

with the mice administered with drug (Fig. 4B). The percentage of

leukemia cells of peripheral blood (PB) was down-regulated un-

der Vene@8P6 in contrast to the other treatments, which indi-

cated that nanoparticles with drug loading robustly reduced the

leukemia burden (Fig. 4C). This result was also verified on blood

smears and the related cell number count (Figs. 4D and E). Mean-

while, we also indicated that the size and weight of spleen and

liver of AML mice (Figs. 4F–H), which recovered under Vene@8P6

treatment and attenuated the number of leukemia cells and LSCs

in BM. The combination of chemotherapeutic agents and nanoma-

terials obviously enhanced the efficacy of Vene alone. Our previ-

ous study revealed a population of chemo-resistance LSCs (crLSCs),

which are relevant to metabolic adaptations and preserved in a

low ROS state. Compared with naive LSCs, crLSCs possess a slower

cell cycle, activates immune evasion pathways and increases drug

resistance exhibit distinct signatures [34]. CrLSCs is a subset of

cells with drug resistance and tumor initiation functions. Accord-

ing to our BM flow cytometry results, primary LSCs treated with

Vene@8P6 expressed significantly highly than that of the other

three groups. Similar trends were observed on crLSCs (Figs. 4I–K).

The flow cytometry results of leukemia cells in murine BM treated

with the four administrations were demonstrated in (Figs. 4L and

M). However, no significant difference was observed in hematopoi-

etic stem and progenitor cells (HSPC) expression between the two

groups with Vene and Vene@8P6, despite both were significantly

higher than the other groups without drugs (Figs. 4N and O). In

addition, in the presence of Vene@8P6 administered with AML

mice in vivo, white blood cells and lymphocytes in the periph-

eral blood significantly declined while neutrophils, red blood cells

and platelets increased (Figs. 4P–U). The effect of nanoparticle

coated drugs is more efficiency than that of chemotherapy drugs

alone. Ultimately, Vene@8P6 treatments significantly extended the

mean overall survival to 60 days compared to the other treatment

groups (Fig. 4V). The above results confirmed that nanoparticles

embedding drugs targeted leukemia cells, relieved the symptoms

of leukemia and improved the chemotherapy resistance in vivo.

Previous study has indicated that l-phenylalanine presented a

maximum amount of absorption among amino acid molecule in

mice [31]. Therefore, it may be the reason why l-phenylalanine tar-

gets leukemia cells while the underlying mechanisms requires ex-

ploration in further studies [31,35]. Amino acid polymers function

as an effective leukemia-targeting drug carrier with high therapeu-

tic effects for treatment [36]. Collectively, this study developed 8P6

as a novel nanocarrier based on l-phenylalanine of absorption and

metabolism to inhibit LSCs and a precise drug delivery approach to

target and treat AML.

Zheng et al. applied nanotechnology in macrophages on tumor

immunotherapy and illustrated that nanoparticles are considered

as promising carriers of tumor-associated macrophages (TAMs)-

modulators by surface modification [37]. The treatment of hema-

tological tumors is urgent, although Vene is extensively applied

for chemotherapy in leukemia whereas accompanied by drug resis-

tance [38], for common reasons including primary resistance that

prognosis representing with highly heterogeneity, or acquired mu-

tations in cancer-related genes such as BCL-2 that bind to Vene

leading to highly reduced binding ability or subclonal metastasis

[9,10,38-41]. Furthermore, dysregulation of BCL-2 family caused by

changes in tumor microenvironment and mitochondrial changes

in intracellular energy metabolism also trigger drug resistance

[42,43]. Meanwhile, a series of intervention strategies also have

been implemented. In our work, Vene coated with l-phenylalanine

nanoparticles used as a drug delivery method to enhance the

chemotherapy sensitivity from drug targeting, which improved the

accuracy of Vene targeting and attacking leukemia cells with little

side effect on hematopoietic normal cells.

Vene synergized with MCL-1 inhibitors, small molecule tar-

geted drugs and other chemotherapeutic drugs targeting the tu-

mor microenvironment effectively reduces the tumor adhesion, im-

proves drug sensitivity, and increases the dependence of leukemia

cells on BCL-2 anti-apoptotic pathway [12,44,45]. Albumin as-

sembly and nanoparticle coating of sorafenib, another common

chemotherapeutic agent applied in leukemia, mediates tumor re-

oxygenation and immune resensitization to enhance photody-

namic immunotherapy [46]. And the combination of nigericin and

decitabine wrapped with hexahistidine-metal nanocarriers also en-

abled to apply for pyroptosis-induced immunotherapeutics [47].

Besides, metabolic regulation with some drugs, combined im-

munochemotherapy and chimeric antigen receptor T-Cell im-

munotherapy (CAR-T) therapy are also applied to intervene Vene

resistance [48-50]. This work is also consistent with previous work

that Marian targets T-ALL in vivo and cysteine-based leukemia tar-

geting nanocarrier loading paclitaxel (PTX) attacks AML [31,33]. We

ultimately discovered that coated nanoparticles precisely targeted

leukemia cells, retained normal hematopoietic function, and en-

hanced the anti-tumor ability of the AML mice. Furthermore, we

obtained consistent results in corresponding in vitro experiments.

In conclusion, we identified the targeting of Vene@8P6 in AML, and

its treatment reduced the toxic side effects brought by Vene alone.

Therefore, drug wrapped with nanoparticles can reduce body dam-

age in leukemia chemotherapy and possesses high clinical applica-

tion value.
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