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a b s t r a c t

Chemotherapy is the cornerstone of cancer treatment, and paclitaxel (PTX), as a first-line broad-spectrum

chemotherapy drug, is widely used in the treatment of multiple tumors in the clinic. However, unsatis-

factory efficacy and drug resistance of single chemotherapy have severely hampered the clinical progress

of PTX. Herein, three-in-one naringenin (NAR)-loaded PTX polymer prodrug micelles were constructed for

efficient and synergistic antitumor therapy. Firstly, the polymer prodrug micelles could simultaneously act

as nanoreservoirs for two hydrophobic drugs, PTX and NAR. Secondly, the polymer prodrug micelles en-

abled dual-responsive intelligent release of PTX and NAR triggered by reduction and acid. Finally, released

PTX and NAR exerted synergistic antitumor effects for reversing tumor resistance, while NAR enhanced

the immune and anti-inflammatory functions of polymer prodrug micelles. Due to the cascade-enhanced

chemotherapeutic augmentation, the intelligent-responsive nanoreservoir proved to be an excellent an-

titumor therapeutic platform. This work was of great interest for designing superior chemotherapeutic

augmentation regimens.

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

Medica, Chinese Academy of Medical Sciences.

Cancer is becoming a major global public health problem

threatening human health [1]. Chemotherapy is an essential can-

cer therapeutic approach in the clinic [2]. However, poor tu-

mor selectivity, insufficient efficacy, and drug resistance greatly

limit the clinical application of chemotherapeutic agents [3,4]. For

example, paclitaxel (PTX), the first Food and Drug Administra-

tion (FDA)-approved chemotherapeutic agent derived from natu-

ral plants, is the first-line therapeutic agent for a wide range of

cancers [5]. Nevertheless, the water solubility of PTX is extremely

low (0.4 μg/mL), and the commercially available injection, Taxol,

requires Cremphor EL and ethanol as solubilizers [6,7]. Notably,

one of the patients treated with Taxol died of anaphylactic shock,

which was sufficient to prevent further clinical studies of most of

the drugs. Nanomedicines have shown enormous potential in can-

cer therapy due to the advantages of increasing drug solubility,

prolonging blood circulation, enhancing tumor targeting, control-

lable drug release, and low toxicity compared to traditional for-

mulations [8-11]. However, the currently marketed PTX nanofor-
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mulations only exhibit toxicity reduction but inferior potentiation.

Therefore, how to reduce the toxicity while improving the thera-

peutic effect of PTX remains a challenge.

In recent years, flavonoid natural products have received

widespread attention due to favorable safety and antitumor ac-

tivity [12]. For example, naringenin (NAR), a flavonoid widely

distributed in various fruits and herbs, has been found to ex-

hibit a variety of biological activities, such as anticancer, anti-

inflammatory, antioxidant, and immunomodulatory effects [13-17].

Moreover, NAR exhibits great potential for synergistic delivery with

chemotherapeutic agents to improve therapeutic efficacy and re-

duce toxicity. However, NAR is a Biopharmaceutics Classification

System (BCS) class II drug with poor solubility and low bioavail-

ability [18]. The construction of innovative delivery systems to ef-

ficiently load and delivery of NAR and PTX is urgently needed.

Polymer micelles are drug delivery carriers with good stability

and dispersion, which present unique advantages in cancer ther-

apy [19-21]. Polymer micelles can be tailored with specific func-

tions through chemical modifications, such as introducing disul-

fide bonds into the polymer [22-25]. Compared to normal cells,

the high level of reductive microenvironment in tumor cells trig-

gers the cleavage of disulfide bonds, enabling tumor-selective drug

release [26-28]. However, the design of polymer micelles still suf-
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Scheme 1. PTX polymer prodrugs micelles were designed for loading NAR. The co-

delivery of chemotherapeutic agents with anti-inflammatory and immune agents

was expected to achieve multidimensional tumor suppression.

fers from the following concerns: (i) Polymers typically perform

the role of carriers without the pharmacodynamic function. (ii) To

realize the synergistic effect of two drugs, the commonly adopted

strategy is loading two free drugs into the nanocarriers in a non-

covalent form, which leads to the drawbacks of drug leakage and

inability to synchronously release. Our preliminary study prepared

polymer prodrug micelles (mPEG-DCA-SS-PTX/mPEG-DCA-CC-PTX)

with antitumor efficacy and demonstrated that the micelles could

overcome drug resistance [26-29]. Compared to single-modality

therapy, combination therapy not only reduces the risk of drug re-

sistance of tumor cells but also sensitizes chemotherapy through

synergistic effects. In addition, the co-delivery of chemotherapeu-

tic agents with anti-inflammatory and immune agents is expected

to achieve multidimensional tumor suppression.

Based on the above issues, a disulfide bond-bridged PTX poly-

mer prodrug was designed for loading NAR (NAR/mPEG-DCA-SS-

PTX, NAR/MDSP), and the carbon bond-bridged PTX polymer pro-

drug was used as a control (NAR/mPEG-DCA-CC-PTX, NAR/MDCP).

In addition, due to the covalent linkage of PTX to the polymer,

investigating the fate of PTX polymer prodrug micelles without

NAR could elucidate the function of PTX more clearly. The con-

structed polymer prodrug micelles offered the following advan-

tages (Scheme 1): Firstly, the PTX polymer prodrug micelles could

simultaneously serve as a stable nanoreservoir for two hydropho-

bic drugs, PTX and NAR. Secondly, the polymer prodrug micelles

were reduction- and acid-responsive as well as resistant to mul-

tidrug resistance due to the presence of disulfide bonds and de-

oxycholic acid. Finally, the simultaneous release of PTX and NAR

enhanced the synergistic antitumor effect. This three-in-one nan-

odelivery system implemented effective chemotherapeutic potenti-

ation and the customized approach provided more possibilities for

the design of nanoparticles, contributing to more efficient drug de-

livery and cancer therapy.

The structures and synthetic routes of mPEG-DCA-CC-

PTX/mPEG-DCA-SS-PTX (MDCP/MDSP) polymer prodrugs were

shown in Fig. 1A and Fig. S1 (Supporting information). The

structures of MDCP/MDSP polymer prodrugs were corroborated

and characterized in Figs. S2 and S3 (Supporting information).

In addition, the synergistic effect of PTX and NAR was explored

in PTX-resistant A549 cells. As shown in Fig. 1B and Table S1

(Supporting information), regardless of the ratio of PTX and NAR

mixed within the screening concentration, the cytotoxicity was

stronger than that of the PTX and NAR alone. The cytotoxicity of

all groups increased progressively with increasing drug concen-

tration. Moreover, PTX and NAR had a combination index (CI) <

1 at mass ratios of 1:2, 1:1 and 2:1. In general, the CI < 1 was

considered synergistic. Therefore, PTX and NAR were significantly

synergistic. Notably, the CI was the smallest (0.205) when the

mass ratio of PTX and NAR was 2:1, suggesting that the antitumor

effect of PTX and NAR on drug-resistant cells was stronger in

this ratio. Therefore, the mass ratio of PTX and NAR of 2:1 was

selected for the preparation and investigation of polymer prodrug

micelles.

Fig. 1. (A) The structures of MDCP/MDSP polymer prodrugs, PTX and NAR. (B) Cell viability at different ratios of PTX and NAR (n = 2). ∗∗P < 0.01 by two-tailed Student’s

t-test. (C, D) Preparation process and stability of polymer prodrug micelles at different feeding ratios (n = 3). Data are presented as mean ± standard deviation (SD).
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Fig. 2. (A) Particle sizes of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles. (B) Dilution stability and (C) storage stability of MDCP, MDSP, NAR/MDCP

and NAR/MDSP polymer prodrug micelles. (D) Reduction and acid-responsive release of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles. (E–H) Changes

in particle size of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles in the presence of GSH. (I) PTX release from MDCP/MDSP polymer prodrug micelles at

different concentrations of GSH and pH. (J) PTX and (K) NAR release from NAR/MDCP and NAR/MDSP polymer prodrug micelles at different concentrations of GSH and pH.

Data are presented as mean ± SD (n = 3).

Subsequently, the optimal prescription was determined using

single-factor analysis. Finally, the film dispersion method was se-

lected for the preparation of polymer prodrug micelles. Methanol

was used as the organic solvent and the preparation temperature

was 45 °C (Tables S2–S9 in Supporting information). In addition, as

shown in Figs. 1C and D, the best stability was obtained when the

mass ratio of NAR:MDSP was 2:15. Therefore, the mass of MDSP

polymer prodrug was set at 15mg, which met the needs of both

encapsulation efficiency and drug loading. As shown in Fig. 2A

and Table S10 (Supporting information), the particle sizes of the

polymer prodrug micelles were in the range of 140–170nm, and

the polydispersity index (PDI) was less than 0.3. Zeta potentials of

NAR-loaded polymer prodrug micelles were −21mV (NAR/MDCP)

and −18mV (NAR/MDSP), and the blank polymer prodrug micelles

were −10mV (MDCP) and −14mV (MDSP), which could prevent

the aggregation of particles by charge repulsion and improve the

colloidal stability of micelles (Fig. S4 in Supporting information).

Moreover, the uniform spherical shape of the polymer prodrug mi-

celles was observed by transmission electron microscopy (Fig. S5

in Supporting information).

The dilution stability, storage stability, resolution stability and

colloidal stability of polymer prodrug micelles were investigated.

The particle sizes of MDCP, MDSP, NAR/MDCP and NAR/MDSP poly-

mer prodrug micelles had no obvious change after 5, 10, 20, 50

and 100-fold dilution, indicating that the polymer prodrug micelles

possessed satisfactory dilution stability (Fig. 2B). In addition, the

changes in particle size were negligible when the polymer prodrug

micelles were stored at 4 °C and room temperature for 20 days

(Fig. 2C). The resolubilization stability of lyophilized powder of

MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles

was studied. As shown in Table S11 (Supporting information), the

particle sizes of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer

prodrug micelles were not significantly changed after lyophiliza-

tion (without the addition of cryoprotectant). Meanwhile, the drug

loading and encapsulation efficiency of NAR/MDCP and NAR/MDSP

polymer prodrug micelles, as well as the drug loading of MDCP and
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Fig. 3. (A–D) The cell viability of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles on HepG2 tumor cells (A: 24h; B: 48h) and HL-7702 normal cells (C:

24h; D: 48h) (n = 2). ∗P < 0.05, ∗∗P < 0.01 by two-tailed Student’s t-test. (E) Tumor selectivity of polymer prodrug micelles. (F) Photos of hemolysis experiment (a: distilled

water, b: saline, c–f: 0.05–0.5mg/mL MDCP, g–j: 0.05–0.5mg/mL MDSP, k–n: 0.05–0.5mg/mL NAR/MDCP, o–r: 0.05–0.5mg/mL NAR/MDSP), (G) hemolysis rates (n = 3) and

(H) experimental diagram. Data are presented as mean ± SD.

MDSP polymer prodrug micelles, were almost unchanged, which

indicated that the structure of the polymer prodrug micelles was

not damaged by the lyophilization process. Negligible changes in

particle size were observed when the polymer prodrug micelles

were incubated with PBS containing 10% fetal bovine serum (FBS)

for 48h, suggesting that the polymer prodrug micelles had good

colloidal stability (Fig. S6 in Supporting information).

Effective release of PTX and NAR was essential for the efficacy

of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug mi-

celles. Therefore, the reduction release behavior of polymer pro-

drug micelles was investigated with glutathione (GSH) and acid

as the triggering agents (Fig. 2D). Firstly, the reduction sensitivity

of polymer prodrug micelles was qualitatively analyzed with the

change in particle size. The particle sizes of the disulfide bond-

containing MDSP and NAR/MDSP polymer prodrug micelles in-

creased from 150nm to 1000nm in the presence of GSH (Figs.

2E and F), while the changes in the particle size of the non-

reduction-sensitive MDCP and NAR/MDCP polymer prodrug mi-

celles were negligible (Figs. 2G and H). Subsequently, the reduc-

tion release of PTX and NAR was quantitatively analyzed by high

performance liquid chromatography (HPLC, Fig. S7 in Supporting

information). As shown in Figs. 2I and J, the release of PTX from

MDSP and NAR/MDSP polymer prodrug micelles increased gradu-

ally with increasing GSH concentration in the release medium at

pH 7.4, while the release of PTX in MDCP and NAR/MDCP poly-

mer prodrug micelles without disulfide bonds was less than 40%.

Similarly, NAR release from NAR/MDSP polymer prodrug micelles

increased with increasing GSH concentration in the same release

medium, while NAR release from NAR/MDCP polymer prodrug mi-

celles was less (Fig. 2K). In addition, MDCP/MDSP was reported to

be acid-sensitive [29]. Thus, the release profiles of NAR/MDCP and

NAR/MDSP polymer prodrug micelles were examined in a release

medium (containing 20mmol/L GSH) at pH 5.8. As shown in Figs.

2I–K, more PTX and NAR were released at pH 5.8 than at pH 7.4.

Moreover, the cumulative release of PTX and NAR from NAR/MDSP

polymer prodrug micelles reached about 94% at 48 h. Therefore,

PTX and NAR could be released synchronously according to the

synergistic ratio, showing a synergistic effect.

The cytotoxicity of MDCP, MDSP, NAR/MDCP and NAR/MDSP

polymer prodrug micelles on tumor cells and normal cells was

studied after identifying the effective release of PTX and NAR. For

HepG2 tumor cells, the cytotoxicity of PTX injection, NAR injec-

tion, MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug

micelles was concentration and time-dependent (Figs. 3A and B).
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Fig. 4. (A) Pharmacodynamic studies. (B, C) Pharmacokinetic profiles of PTX injection, NAR injection, MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles. (D)

Pharmacokinetic profiles of PTX injection, NAR injection, MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug micelles after acid treatment (n = 6). (E) Pharmacody-

namic operational procedures. (F) Changes in tumor volume and (G) body weight (n = 10). ∗∗∗∗P < 0.0001 by two-tailed Student’s t-test. (H) The photo of tumors in mice

after treatment. Data are presented as mean ± SD.

With the increase in drug concentration and time, the cell viabil-

ity of each formulation decreased significantly, and the cytotoxi-

city increased. Notably, NAR/MDCP and NAR/MDSP polymer pro-

drug micelles showed potent tumor cell killing ability compared

to PTX injection and NAR injection, which might be due to the

synergistic effect of NAR and PTX. For normal cells, the cytotoxi-

city of each formulation group was also concentration and time-

dependent (Figs. 3C and D). Differently, MDCP, MDSP, NAR/MDCP

and NAR/MDSP polymer prodrug micelles showed lower cytotoxic-

ity than PTX injection and NAR injection for normal cells, which

might be attributed to the lower reduction level and higher pH

of normal cells than tumor cells. The cytotoxicity results indicated

that polymer prodrug micelles possessed superior tumor selectiv-

ity and in vivo safety (Fig. 3E).

Before conducting in vivo experimental studies, it was neces-

sary to investigate the blood compatibility of intravenously admin-

istered formulations, which was crucial to the safety. As shown in

Figs. 3F–H, the hemolysis rates of MDCP, MDSP, NAR/MDCP and

NAR/MDSP polymer prodrug micelles were less than 5% at differ-

ent concentrations. These results revealed that the polymer pro-

drug micelles possessed good biocompatibility without destroying

red blood cells as well as causing hemolysis.

Both PTX and NAR were hydrophobic and suffered from the dis-

advantages of limited drug delivery as well as rapid clearance. To

investigate whether the polymer prodrug micelles could improve

the in vivo fate of PTX and NAR, the pharmacokinetics of PTX in-

jection, NAR injection, MDCP, MDSP, NAR/MDCP and NAR/MDSP

polymer prodrug micelles were investigated (Fig. 4A). All animal
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experiments were approved by the Ethics Committee for Animal

Experimentation of Henan University. In pharmacokinetic experi-

ments, precision test and extraction recovery rates of NAR and PTX

in plasma samples were first validated (Table S12 in Supporting in-

formation). As shown in Figs. 4B, C and Tables S13, S14 (Supporting

information), the area under the concentration-time curve (AUC)

of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug mi-

celles was increased by 1.8, 2.0, 1.8 and 2.6-fold, compared to PTX

injection. Compared to the NAR injection, the AUC of NAR/MDCP

and NAR/MDSP polymer prodrug micelles increased by 2.7 and 3.4-

fold. Meanwhile, PTX and NAR were rapidly cleared after adminis-

tration, whereas polymer prodrug micelles were effective in pro-

longing the retention time and improving the pharmacokinetic be-

havior of PTX and NAR. In addition, MDCP, MDSP, NAR/MDCP and

NAR/MDSP polymer prodrug micelles were found to display acid

sensitivity in the in vitro release. Therefore, the effect of acid treat-

ment on the concentration of each formulation group was investi-

gated in the pharmacokinetic experiments. Firstly, Table S15 (Sup-

porting information) demonstrated that NAR and PTX were stable

upon acid hydrolysis. As shown in Fig. 4D and Tables S16 and S17

(Supporting information), after acid treatment of plasma samples,

the AUC of MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer pro-

drug micelles were 3.6, 4.6, 3.5 and 5.9 times higher than that of

PTX injection. The AUC of NAR/MDCP and NAR/MDSP were 9.0 and

17.7 times higher than that of the NAR injection. These results fur-

ther demonstrated that MDCP, MDSP, NAR/MDCP and NAR/MDSP

polymer prodrug micelles released less drugs within the systemic

circulation and were expected to release more drugs within the

acidic microenvironment of tumors. The pharmacokinetic results

were consistent with the in vitro release, implying that the poly-

meric prodrug micelles possibly enhancing the antitumor effect

while ensuring safety.

The stability, drug release, tumor selectivity and pharmacoki-

netics of polymer prodrug micelles affected the antitumor effect.

Here, a tumor-bearing mice model was constructed to investigate

the antitumor efficacy and mechanism of polymer prodrug mi-

celles (Fig. 4E). As shown in Figs. 4F and G, PTX injection, NAR in-

jection, MDCP, MDSP, NAR/MDCP and NAR/MDSP polymer prodrug

micelles could inhibit tumor growth. Among them, PTX injection

and NAR injection were weaker in tumor growth inhibition, fol-

lowed by MDCP polymer prodrug micelles without NAR and disul-

fide bonds. In contrast, due to the high reduction and acid sen-

sitivity, MDSP and NAR/MDSP polymer prodrug micelles exhibited

potent antitumor effects. Notably, NAR/MDSP polymer prodrug mi-

celles displayed the strongest antitumor effect, which could be at-

tributed to the effective release and synergistic impacts of PTX and

NAR.

Furthermore, NAR was reported to possess pharmacological ac-

tivities such as immunomodulatory and anti-inflammatory. There-

fore, the thymic index and splenic index of mice were examined

after administration, and the levels of inflammatory factors (tumor

necrosis factor-α (TNF-α) and interleukin-1β (IL-1β)) in tissues

and serum were measured. As shown in Fig. S8 (Supporting in-

formation), the thymus index and spleen index of NAR/MDCP and

NAR/MDSP polymer prodrug micelles were increased compared to

PTX injection and NAR injection, indicating that NAR/MDCP and

NAR/MDSP polymer prodrug micelles could enhance the immune

function of mice (Table S18 in Supporting information). In ad-

dition, the results revealed that TNF-α and IL-1β were signifi-

cantly reduced in tissues and serum of mice after administration

of NAR/MDCP and NAR/MDSP polymer prodrug micelles, particu-

larly in NAR/MDSP polymer prodrug micelles (Fig. S8). Therefore,

the NAR/MDSP polymer prodrug micelles maximized the synergis-

tic advantages of PTX and NAR and exhibited potent antitumor

effects. Moreover, there was no significant decrease in the body

weight of mice in the polymer prodrug micelle group, demonstrat-

ing good in vivo safety (Fig. 4H).

In summary, the customizable PTX polymer prodrugs were de-

signed for loading NAR to strengthen the antitumor effect of

chemotherapy. The in vitro and in vivo fate and antitumor mech-

anism of the polymer prodrug micelles were systematically inves-

tigated by sophisticated prescription screening, stability, respon-

sive release, hemolysis tests, pharmacokinetics and pharmacody-

namics. The following conclusions were drawn from the in-depth

studies: Firstly, the polymer prodrug micelles could simultaneously

serve as stable nanoreservoirs for two hydrophobic drugs. Sec-

ondly, the polymer prodrugs micelles were reduction- and acid-

responsive as well as resistant to multidrug resistance due to the

presence of disulfide bonds and deoxycholic acid. Finally, the si-

multaneous release of PTX and NAR enhanced the synergistic an-

titumor effect and immune function. The three-in-one nanodeliv-

ery system implemented effective chemotherapeutic potentiation

and the polymer prodrug micelles with the best therapeutic effect

were screened. This study overcame the dilemma of the unsatis-

factory efficacy of existing nano-formulations, and the customized

strategy provided a reference for the design of nanoparticles.
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