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a b s t r a c t

Size is one of the most important characteristics of nanoparticles to influence their biodistribution and

antitumoral efficacy. Particles with large sizes have difficulty in deep tumor penetration, while small par-

ticles are easily removed from tumor tissues due to the high tumor interstitial fluid pressure. To ad-

dress these issues, an intelligent core-crosslinked polyion complex micelle (cPCM) with a reversibly size-

switchable feature was engineered in this study. The micelles are consisting of methoxy poly(ethylene

glycol)-poly(d,l-lactide) copolymer (mPEG-PLA), mPEG-PLA-(HE)6CC, and mPEG-PLA-(RG)6CC at an opti-

mal mass ratio of 6:1:1 with an antiangiogenic compound, dabigatran etexilate (DE), encapsulated. The

net charge inside the micelles is switchable when exposed to different pH conditions, thereby leading

to revisable size-change of micelles. DE-loaded micelles (DE@cPCM) can swell and release drugs at the

tumor sites with a mildly acidic pH, while they shrink and protect the cargo from leaking into the blood

circulation with a neutral pH. Results indicated that DE@cPCM can inhibit tumor angiogenesis in vitro and

in vivo, thereby efficiently restraining tumor growth in a 4T1-bearing mouse model. Collectively, the size-

switchable cPCM is a promising nanoplatform for targeting delivery of anticarcinogens into the matrix of

tumor tissues.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanoparticles have been extensively used in drug delivery at

tumor sites [1], but their limited penetration and retention capac-

ity often lead to unsatisfactory anti-tumor effects [2,3]. To over-

come these biological barriers, researchers have modified tradi-

tional nanocarriers by changing their geometric shape [4–6], par-

ticle size [1,4,7,8], and surface charge [7]. Particle size has become

a crucial issue in this regard [4,9–12]. A new strategy has been de-

veloped that involves intelligent and size-adjustable nanoparticle

preparation methods [1,13–16]. These methods enable nanoparti-

cles to respond to enzymes [7,17,18], pH [19–22], light [23], tem-

perature [19], oxygen [24], and reactive oxygen species (ROS) [25],
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etc., allowing them to aggregate in the deep part of the tumor and

increase the retention effect of nanoparticles in the tumor [26–28].

Studies have shown that smaller nanoparticles possess stronger

penetration ability but are also more quickly cleared from the body

[7,29], which reduces their accumulation at the tumor site [30,31].

In contrast, larger nanomedicines can remain in the tumor site for

longer periods but have difficulty penetrating the dense extracellu-

lar matrix [15,20,32,33]. In addition, larger particle sizes are prone

to be captured and cleared during circulation in the body, and

even if they remain in the tumor region, they are not easily taken

up [34]. To solve the size dilemma and integrate the advantages

of both large sizes and small sizes, a pH-sensitive size-changeable

drug delivery system could be engineered by utilizing the acidic

tumor microenvironment [35–37], to enhance tumor penetration

and retention of nanoparticles, thus leading to enhanced drug ac-

cumulation and therapeutic impact [35,38], which is more intel-

ligent and efficient compared to an invariable-size nanoparticle

[35,39]. In this design, drugs that act on the tumor tissue are used,

https://doi.org/10.1016/j.cclet.2023.109110
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and the drugs can exert their effects without being taken up by

the tumor cells.

Drugs that target tumor tissue usually act on the neovascula-

ture in tumor tissue. Tumors form their blood supply by releas-

ing vascular endothelial growth factor (VEGF), a key driver of tu-

mor growth, in a process known as neovascularization. Blood ves-

sel formation is a critical step in the mechanism of tumor occur-

rence, development, and metastasis. Studies have shown that when

the volume of tumor growth exceeds 1–2mm3, a large number of

blood vessels are produced around the tumor to supply the nu-

trients required for tumor growth [40]. Currently, targeted ther-

apy for tumors using vascular targeting drugs mainly includes two

categories of drugs: anti-angiogenic drugs and vascular disrupting

agents. Anti-angiogenic drugs inhibit the formation of tumor neo-

vasculature by suppressing VEGF and other pro-angiogenic factors,

while vascular disrupting agents act on the established blood ves-

sels in the tumor, causing rupture and obstruction of blood vessels

in that area, thereby blocking the blood circulation in that area

and inducing necrosis within the tumor. In this study, we used

a thrombin inhibitor, dabigatran etexilate, as an anti-angiogenic

drug. Dabigatran etexilate is absorbed and converted into dabiga-

tran in the body, exerting its anticoagulant effects. Its principle is

based on the specific binding of dabigatran to the site where fib-

rinogen is cleaved by thrombin, preventing fibrinogen from being

converted to fibrin, thereby blocking the final step of thrombus for-

mation and inhibiting neovascularization [41–46].

To achieve the above goals, we propose to design a nanopar-

ticle platform with variable sizes that remain small in physiologi-

cal environments and enlarge in tumor environments for drug re-

lease. Based on our previous design of (HE)n and (RG)n [47,48],

the (HE)n was designed as a masking peptide to cationic cell-

penetrating peptides (CPPs) conferred the pH-sensitive. Further-

more, we found that the pH sensitivity of our designed activat-

able cell-penetrating peptides (ACPPs) was reversible. Therefore,

we hope to be able to use the reversible pH response to prepare

the size-switchable polymer micelles. In this work, two peptide se-

quences of (HE)6CC and (RG)6CC were connected to the ends of

amphiphilic polymers to prepare mixed micelles. In normal physi-

ological environments, the two peptide sequences are attracted to

each other electrostatically, resulting in small particle sizes [47].

In the tumor microenvironment, the histidine residues are pro-

tonated, causing electrostatic repulsion between the two peptide

sequences and enlargement of the micelles for drug release. To

prevent the micelles from dissociating and releasing drugs back

into the bloodstream, we introduce disulfide bonds at the ends of

the peptides for crosslinking the micelles, which increases the sta-

bility of the mixed micelles without hindering drug release. We

designed a size-switchable core-crosslinked polyion complex mi-

celle (cPCM) that responds to the tumor microenvironment with

reversible particle size. The mechanism is illustrated in Scheme 1.

Firstly, synthesize the polymers (Scheme 1A), secondly, prepare the

drug-loaded cPCM (Scheme 1B), and then DE@cPCM was injected

into mice through the tail vein to participate in the internal circu-

lation (Scheme 1C). When DE@cPCM reaches the tumor microen-

vironment, it releases the dabigatran etexilate (DE) (Scheme 1D).

The drug competes with thrombin in the tumor area to compet-

itive inhibition (Scheme 1E), thus inhibiting angiogenesis in the

tumor area, making the tumor lack and inhibiting tumor growth

(Scheme 1F).

The typical 1H-nuclear magnetic resonance (NMR) spectra of

copolymers were shown in Fig. S2A (Supporting information). 1H

NMR spectra were recorded using a Bruker (AVANED) AV-300

spectrometer at 300MHz, using tetramethyl silane (TMS) as an

internal standard. The integrals of the peaks corresponding to

the poly(d,l-lactide) (PLA) methine protons (d 5.18ppm) and the

poly(ethylene glycol) (PEG) methylene protons (d 3.62ppm) were

Scheme 1. The schematic illustrates the preparation of cPCM and their delivery

and action in vivo. (A) Synthesis of polymers. (B) Preparation of drug-loaded cPCM.

(C) The circulation process of DE@cPCM in blood. (D) The process of DE@cPCM re-

sponding to the pH change in the tumor microenvironment and undergoing size

variation. (E) Competition-based angiogenesis inhibition. (F) Starvation-induced tu-

mor growth inhibition.

applied to the determination of the weight ratio of PLA to PEG

and calculation of the average number molecular weight of PLA.

The carboxyl peak was observed at 12ppm, suggesting the mPEG-

PLA-COOH was synthesized successfully. Using the (HE)6CC and

(RG)6CC as control respectively, we observed the characteristic

peaks appear in mPEG-PLA-(HE)6CC and mPEG-PLA-(RG)6CC, also

suggesting the peptides were conjugated on the polymers success-

fully.

Thermal behaviors of synthesized polymer were analyzed by

differential scanning calorimeter (DSC 250, TA) at temperatures

ranging from 25 °C to 250 °C at a heating ramp of 10.0 °C/min.

As shown in Fig. S2B (Supporting information), mPEG2000 and

d,l-lactide (d,l-LA) have different melt points. The mixture of

mPEG2000 and d,l-LA have two melt points, while mPEG-PLA

and mPEG-PLA-COOH exhibited an endothermic peak as a melt-

ing point at 41 and 43 °C, respectively. mPEG-PLA-(HE)6CC and

mPEG-PLA-(RG)6CC have smaller melt points compare to mPEG-

PLA. The results indicate the mPEG-PLA, mPEG-PLA-COOH, mPEG-

PLA-(HE)6CC, and mPEG-PLA-(RG)6CC were synthesized success-

fully.

Fourier transform infrared (FT-IR) spectra were obtained from

Thermo Fisher Technology Co., Ltd. using the KBr method (Fig.

S2C in Supporting information). The hydroxyl peak in mPEG-PLA

was observed at 3500 cm−1, while it disappeared in mPEG-PLA-

COOH due to being replaced by the carboxyl group. mPEG-PLA-

(HE)6CC and mPEG-PLA-(RG)6CC exhibited the peptide peaks with

the (HE)6CC and (RG)6CC as control, respectively. The FT-IR fur-

ther confirmed mPEG-PLA, mPEG-PLA-COOH, mPEG-PLA-(HE)6CC,

and mPEG-PLA-(RG)6CC were synthesized successfully.

Gel permeation chromatography was analyzed by high-

performance liquid chromatography from Shimadzu Corporation,

Japan, equipped with a detector of Shimadzu RID-10A. As shown in

Fig. S3 (Supporting information), the result demonstrates excellent

calibration of the GPC, and the mass of the polymer has been cal-

culated, as shown in Table S1 (Supporting information). The data
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Fig. 1. Revserbily size-switchable characteristic of the cPCM as the pH variation. (A–D) Different mass radios of cPCM were adjusted to different pH. (E) TEM images of cPCM

reciprocating pH adjustment, scale bar is 200nm. (F) Particle size of cPCM reciprocating pH adjustment. (G) Stability of DE@PM, DE@PCM and DE@cPCM. (H) In vitro release

of DE@cPCM at pH 6.5 and 7.4 with or without 10mmol/L GSH. mean ± standard deviation (SD), n=3. ∗∗P<0.01, ∗∗∗P<0.001 vs. pH 7.4.

suggests that the GPC method used in this study is reliable and ac-

curate in determining the molecular weight and mass of the poly-

mer samples.

We investigated the preparation of smart-responsive micelles

for the tumor acidic microenvironment. These micelles can achieve

intelligent release by undergoing particle size changes under dif-

ferent pH conditions. Therefore, we synthesized a series of cPCM

with varying composition ratios and examined the optimal formu-

lation of cPCM. Detailed results are shown in Figs. 1A–D. The re-

sults demonstrate that cPCM prepared with different carrier ra-

tios have various particle sizes under different pH conditions. The

cPCM in Figs. 1C and D did not show significant differences in par-

ticle size changes under different pH conditions. However, as the

proportion of mPEG-PLA increased, the expansion effect of parti-

cle size under the acidic condition became poorer. Therefore, it is

not suitable to further increase the proportion of mPEG-PLA in the

formulation. To determine the optimal formulation, we prepared

DE@cPCM using the same method and examined the drug load-

ing and encapsulation efficiency. The results are presented in Table

S2 (Supporting information). The table shows that these series of

cPCM also have different drug contents and entrapment efficien-

cies. When the ratio of cPCM was 6:1:1, it exhibited the highest

drug loading and encapsulation efficiency. This could be attributed

to the increased hydrophobicity of the core of the polymer micelles

with higher content of mPEG-PLA, leading to higher drug loading

and encapsulation efficiency. Considering the particle size changes,

drug loading, and encapsulation efficiency, we ultimately selected

the formulation ratio of 6:1:1 for further investigation.

Furthermore, it is of paramount importance that the cPCM we

aim to prepare exhibits reversible size swell and shrink. In other

words, the polymer micelles should resist engulfment in normal

physiological environments, allowing them to reach the tumor mi-

croenvironment where the cPCM expands and releases the drug.

Moreover, they should enhance the retention time of micelles in

the tumor region. Even when pumped back into the normal phys-

iological environment under the influence of tumor stroma pres-

sure, the particle size of the polymer micelles should shrink with-

out disintegration, enabling them to return to the tumor microen-

vironment and exert their therapeutic effect once again, thereby

enhancing the bioavailability of the drug. Therefore, to achieve

a more pronounced and significant size swell effect, we selected

three pH values, namely 6.0, 6.5, and 7.4, by adjusting the solution

pH repeatedly. The reversible changes in particle size of the cPCM

were examined using transmission electron microscopy (TEM) and

dynamic light scattering (DLS) techniques. As shown in Fig. 1E,

we observed the morphology of cPCM using TEM and found that

the particle size of cPCM changed reversibly with pH. Under pH

7.4 conditions, the particle size was approximately 50nm. When

the pH was adjusted to 6.5, the particle size increased to approxi-

mately 130nm. However, when the pH was readjusted back to 7.4,

the particle size returned to its initial size. This indicates that the

prepared cPCM exhibits reversible changes in particle size. To ob-

serve the expansion effect of cPCM more prominently, we further

adjusted the pH to 6.0. As a result, a more significant size expan-

sion was observed, further confirming the pH-responsive and re-

versible nature of cPCM. As shown in Fig. 1F, the results obtained

from DLS were consistent with those from TEM, providing further

evidence of the reversible particle size changes of cPCM.

Differential scanning calorimetry (DSC) is widely used to distin-

guish synthetic polymers and their physical mixture [49], the en-

capsulation of DE in cPCM was investigated using DSC. From the

DSC thermograms (Fig. S4 in Supporting information), cPCM ex-

hibited an endothermic peak of around 45 °C, while the endother-

mic peaks of around 50, 75, 115, and 125 °C belong to the DE. The

physical mixture composed of cPCM and DE exhibited all the en-

dothermic peaks described above. However, the endothermic peak

of DE@cPCM only exhibited an endothermic peak of around 45 °C,
indicating that DE was loaded in the cPCM.
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Fig. 2. Cytotoxicity of cPCM (A) and DE@cPCM (B) at pH 6.0, 6.5 and 7.4 on 4T1-luc cells for 24h. (C) Representative pictures of tube-forming experiments (T: 50ng of

thrombin; D1: 50ng of DE; D2: 100ng of DE; D3: 200ng of DE). (D) Quantitative analysis on the number of branch and total tube length of HUVECs after treatment. mean

± SD, n=9. ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001; ns, not significant.

To assess the stability of DE@cPCM, we prepared DE@PCM and

DE@PM as controls. The polymer micelles from different groups

were first diluted to the same concentration, and the particle sizes

of the different groups were measured at different time points.

As shown in Fig. 1G, the DE@PM, DE@PCM, and DE@cPCM have

the same particle size at 0 h, but the particle size of DE@PM and

DE@PCM became larger obviously at 2h, indicating the DE was

leaked from DE@PM and DE@PCM. However, the particle size of

DE@cPCM without significant difference within 24h indicated that

the disulfide-crosslinking increased the stability of DE@cPCM.

To further investigate whether the stability of DE@cPCM is at-

tributed to disulfide crosslinking, we employed a progressive dilu-

tion method to demonstrate the enhanced stability resulting from

disulfide crosslinking. If the particle size does not show signifi-

cant changes with continuous dilution, it indicates that the disul-

fide crosslinked DE@cPCM exhibits improved stability. As shown in

Fig. S5 (Supporting information), DE@cPCM solution (1mg/mL) was

prepared and diluted, the dilution has not affected the particle size

of DE@cPCM, further confirming that disulfide-crosslinking could

increase the stability of micelles.

By progressively diluting DE@cPCM and examining the changes

in particle size, we were able to provide partial evidence of its sta-

bility. However, to further confirm that this stability is attributed

to disulfide crosslinking, we prepared DE@PCM as a control. By

comparing the behavior of DE@cPCM with DE@PCM, we can pro-

vide further evidence that disulfide crosslinking enhances the sta-

bility of DE@cPCM. As shown in Fig. S6A (Supporting information).

Prior to the addition of serum, both DE@PM and DE@cPCM ex-

hibited smaller initial particle sizes. However, upon the introduc-

tion of serum at 0h, the particle size of DE@PM immediately in-

creased, whereas DE@cPCM remained unchanged. Notably, signifi-

cant changes in particle size for DE@cPCM were observed only af-

ter 8 h, although these changes were considerably smaller in mag-

nitude compared to those in DE@PM. This observation indicates

that within a serum environment, DE@cPCM demonstrates greater

stability in comparison to DE@PM.

DE@PCM at pH 7.4 the particle size was 48nm (Fig. S6B in

Supporting information), which was slightly larger than that of

DE@cPCM (Fig. S6D in Supporting information), possibly because

the lack of disulfide-crosslinking reduced compact strength of the

self-assembled DE@PCM. When the pH changed to 6.5, the parti-

cle size of DE@PCM become 498nm (Fig. S6C in Supporting infor-

mation), the result indicated that no disulfide-crosslinking of the

DE@PCM was unstable. At pH 7.4, the particle size of DE@cPCM

was measured as 32nm (Fig. S6D), and when the pH was lowered

to 6.5, the particle size of DE@cPCM increased to 150nm (Fig. S6E

in Supporting information). It was observed that the DE@cPCM size

was enlarged as the pH decreased, and a uniform particle size dis-

tribution was observed. When 10mmol/L of glutathione (GSH) was

added to the phosphate buffered saline (PBS) solution at pH 6.5,

the DE@cPCM undergoes partial disintegration (Fig. S6F in Support-

ing information), indicating that the DE@cPCM could respond to

GSH. The data also indicated that the disulfide-crosslinking could

increase the stability of DE@cPCM. The above results show that the

DE@cPCM we designed and prepared can intelligently respond to

the pH environment, and the disulfide bonds can not only increase

the stability of the DE@cPCM but also make the DE@cPCM intelli-

gently respond to the glutathione environment.

The DE@cPCM we prepared exhibits pH-responsive changes in

particle size, which can impact drug release. Therefore, we investi-

gated the release behavior of DE@cPCM under different media con-

ditions. As shown in Fig. 1H, DE was not detected in the medium

with pH 7.4 within 1h, indicating that the DE@cPCM was stable

under physiological conditions. In the medium with pH 7.4 with

10mmol/L GSH, the drug release was increased due to the disulfide

bond breakage in the DE@cPCM, and the stability of the DE@cPCM

decreased. In the medium with or without GSH at pH 6.5, the drug

release was relatively faster than at pH 7.4 in the first 8 h sug-

gesting the pH-responsive release behavior of the DE@cPCM. After

8h, the cumulative release in the two media was the same. The

release rate of the DE@cPCM was affected by both pH and GSH.

The results indicate that the designed cPCM holds promising po-
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Fig. 3. In vivo therapeutic efficacy in 4T1 tumor-bearing BALB/c mice. (A) Tumor volume change profiles after intravenous injection of PBS, Free DE, DE@PM, and DE@cPCM.

mean ± SD, n=6. ∗P<0.05 and ∗∗P<0.01 vs. DE@cPCM. (B) Body weight changes after treatment with PBS, Free drug, DE@PM, and DE@cPCM. ns, not significant. (C) Survival

rates of tumor-bearing BALB/c mice after treatment with PBS. Free DE, DE@PM, and DE@cPCM. (D) Images of blood vessels stained with CD31 antibody (red) in the tumor

regions on Day 18 after treatment. The white arrow symbols represent the tumor blood vessels. Scale bar: 100μm. (E) Quantitative analysis on blood vessels after treatment.

mean ± SD, n=6. ∗∗P<0.01, ∗∗∗∗P<0.0001 vs. PBS; ns, not significant. (F) Representative images of tumor sections separated from mice stained by H&E and TUNEL. Scale

bar: 100μm. (G) H&E sections of heart, liver, spleen, lung, and kidney of mice after treatment of DE@cPCM. Scale bar: 50 μm.

tential for a wide range of applications, providing a technological

platform for the subsequent synergistic release of drugs inside and

outside cells. The results demonstrate that the designed cPCM ex-

hibits promising potential for a wide range of applications, provid-

ing a technological platform for the subsequent synergistic release

of therapeutics inside and outside cells. It can respond to extra-

cellular pH changes as well as intracellular GSH changes, enabling

the sequential release of drugs targeting the extracellular and in-

tracellular environments. This dual-action approach enhances the

therapeutic efficacy of treating diseases, particularly in the context

of tumor treatment.

To assess the safety of the drug formulation, we conducted sep-

arate evaluations of the cytotoxicity of the carrier materials and

the final formulation. As shown in Fig. 2A, the results revealed

that the cell viability remained largely unaffected after 24h incu-

bation with cPCM of varying pH and concentrations, indicating the

favorable safety profile of the cPCM carrier material. Additionally,

Fig. 2B demonstrated that the cytotoxicity of DE@cPCM exhibited

dose-dependent characteristics under different pH conditions.

The in vitro antiangiogenetic effect of DE@cPCM was estimated

using the tube formation assay. Human umbilical vein endothelial

cells (HUVECs) were incubated with thrombin, and the mixture of

thrombin and the DE@cPCM, respectively, followed by the micro-

scopic observation. Thrombin, a pivotal terminal enzyme of coag-

ulation, promotes angiogenesis and simulates tumor growth and

metastasis. Incubation with thrombin resulted in the formation of

an extensive honeycomb-like structure by HUVECs (Fig. 2C), which

is indicative of the angiogenesis-promoting effect of thrombin. The

released DE could significantly inhibit the thrombin-stimulated

tube formation of HUVECs, as confirmed by the quantitative analy-

sis showing both a reduced number of branch and decreased total

tube length (Fig. 2D), which suggests that DE has a powerful anti-

angiogenesis capability by acting on thrombin directly with a high

binding affinity and selectivity.
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Animals were provided by Qinglongshan Animal Center (Nan-

jing, China), and all animal experiments were implemented accord-

ing to the National Institute and approved by the Animal Ethics

Committee of China Pharmaceutical University. As shown in Fig.

3A, all treated groups reduced the tumor volume when compared

to the PBS group. The tumor volume of the DE@cPCM group was

significantly reduced at 16 days post-injection compared to the

free drug group and DE@PCM group, suggesting the peptide mod-

ification exhibited an advance in anti-tumor efficiency. As shown

in Fig. 3B, there was no significant difference in the body weight

of the different mice, indicating that all groups were safe. The sur-

vival period of DE@cPCM was about 1.2-fold compared to the free

drug group (Fig. 3C), indicating that DE@cPCM was capable of pro-

longing the survival of the mice. The intertumoral expression level

of CD31 plays a crucial role during angiogenesis, the CD31 was

evaluated using immunofluorescence staining. As shown in Fig. 3D,

DE@cPCM significantly reduced anti-CD31 staining density com-

pared to the PBS groups, which is substantial evidence of the vas-

cularization inhibition in tumor tissue by DE@cPCM. As confirmed

by the quantitative analysis showing reduced vessel shape (Fig.

3E), the result shows that DE possesses the ability to inhibit an-

giogenesis. Hematoxylin-eosinstaining (H&E) staining showed that

the DE@cPCM can significantly accelerate cell apoptosis and necro-

sis (Fig. 3F). Meanwhile, the terminal uridine nucleotide end la-

beling (TUNEL)-based immunohistochemical analysis of the tumor

revealed that the DE@cPCM had the highest level apoptotic of cells

compared with other formulations (Fig. 3F).

According to Fig. S7A (Supporting information), cPCM and

DE@cPCM have colors much lower than the positive control tube

No. 7. According to Fig. S7B (Supporting information), the hemol-

ysis rates of cPCM and DE@cPCM are below 2% and 8%, respec-

tively. These results indicate a high level of safety for the cPCM

and DE@cPCM. Finally, after treatment with DE@cPCM, the mice

were sacrificed and their heart, liver, spleen, lung, and kidney were

stained with H&E (Fig. 3G). The results showed that the DE@cPCM

has good safety.

In brief, we have successfully developed an intelligent cPCM

that exhibits reversible changes in particle size. These micelles are

capable of enhancing their penetration into tumor tissues while

simultaneously reducing their clearance from the tumor site. Un-

der normal physiological conditions, the smaller size of DE@cPCM

reduces the endothelial phagocytic effect, and upon reaching the

tumor area, the pH decreases, causing an enlargement of the

cPCM particle size, facilitating better drug release in the tumor

region. Due to the higher interstitial pressure within the tumor,

upon introduction into the normal physiological environment, the

DE@cPCM particle size diminishes, leading to reduced drug release.

This innovative design addresses the challenge of balancing tumor

penetration and retention and may pave the way for future re-

search on intracellular and extracellular co-administration.

The unique properties of these polymer micelles make them

promising candidates for targeted drug delivery to tumors. By al-

tering their particle size, we can optimize their pharmacokinetic

profile and improve their overall efficacy. Additionally, this de-

sign could be adapted for the co-delivery of multiple therapeutic

agents, enabling synergistic treatment approaches.

Our findings provide valuable insights into the development of

advanced drug delivery systems, and could potentially improve pa-

tient outcomes in the future. Further research is needed to fully

elucidate the mechanisms underlying the reversible particle size

changes in these micelles and to explore their potential applica-

tions in various biomedical fields.
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