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Background: Doxorubicin (Dox) is a potent anticancer agent; however, its therapeutic efficacy is constrained by a narrow therapeutic 
index, resulting in nonselective cardiotoxicity and nephrotoxicity. To improve its specificity and therapeutic efficacy, multivalent 
targeting strategies are being developed.
Methods: A chimeric polypeptide consisting of an elastin-like polypeptides (ELP) copolymer with a repeating IL-4 receptor-specific 
targeting peptide, AP-1, and a (GGCGSCGSC)2 sequence encoding 6 cysteine residues (C6) at the carboxyl-terminus for Dox 
conjugation was designed. Several AP1-ELPs of varying molecular sizes and structures, ranging from unimers to micelle-forming 
polymers, were characterized to evaluate their influence on Dox delivery and tumor inhibition.
Results: Conjugating Dox to the C6 via an acid-labile linker induced self-assembly into micelle-like structures at body temperature. 
The size of these multivalent constructs significantly influenced their tumor penetration and overall therapeutic outcomes. High 
molecular weight, micelle-forming AP1-ELP constructs demonstrated faster tumor entry and enhanced inhibition compared to lower 
molecular weight linear AP1-ELPs. Tumor uptake of Dox was five times greater than that of free drug and twice that of low molecular 
weight, linear AP1-ELPs. Furthermore, systemic administration of these high molecular weight constructs effectively inhibited tumor 
growth in breast carcinoma xenograft models without inducing specific organ toxicity.
Conclusion: Outperforming free Dox, high molecular weight micelle-forming AP1-ELP constructs achieve superior tumor targeting 
and efficacy with minimal toxicity, highlighting their potential as safer and more promising carriers for targeted drug delivery.
Keywords: doxorubicin, tumor-targeting, elastin-like polypeptide, multivalent targeting, IL-4 receptor, AP1-ELPs, size dependency, 
tumor penetration, therapeutic efficacy, AP1-ELP-Dox

Introduction
Cancer remains a persistent global health challenge, requiring ongoing exploration of effective treatment strategies.1 

Currently, various approaches are employed in cancer therapy, including surgery and radiotherapy for early-stage, localized 
cancers, as well as chemotherapy and immunotherapy for tumors resistant to surgery or radiation or those with metastases. 
Chemotherapeutics such as doxorubicin (Dox), epirubicin, paclitaxel, and sorafenib are commonly used in post-surgery and 
various cancer treatments.2 Dox is a potent anthracycline antibiotic widely used in cancer chemotherapy to treat various 
cancers, including breast cancer,3 lung cancer,4 sarcomas,5 lymphomas, and acute lymphocytic leukemia.6 However, the 
narrow therapeutic index of Dox limits its effectiveness, leading to off-target side effects, including nonselective cardiotoxi-
city, nephrotoxicity, alopecia, hematological toxicities, and cutaneous hyperpigmentation.4,7 Additionally, the efficacy of Dox 
is often reduced by intrinsic biological barriers and physiological processes in the body.7 Challenges such as hepatic 
metabolism and rapid filtration further reduce the therapeutic potential of these agents, complicating treatment outcomes. 
This necessitates exploring innovative approaches to enhance their efficacy. Polymeric nanocarriers emerge as promising 
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platforms for the targeted delivery of chemotherapeutic agents, such as Dox, to tumor tissues. Polymeric nanocarriers with 
multivalent tumor-targeting strategies offer enhanced specificity and efficacy by harnessing the synergistic effects of multiple 
ligands.8 This polyvalent approach leverages the natural ability of cellular receptors to bind multiple ligands, significantly 
enhancing both binding affinity and internalization of targeted agents.9 Multivalent targeting enhances binding efficiency and 
improves selectivity for tumor cells over normal tissues, potentially reducing systemic toxicity.10 Various nanocarriers, 
including liposomes,11 polymeric nanoparticles,12 dendrimers,13 gold nanoparticles,14 silica nanoparticles,15 and carbon 
nanotubes16 are explored for encapsulating and delivering Dox to tumor sites. These nanocarriers can be engineered with 
precise control over physicochemical properties to optimize drug loading and release kinetics. Although polymeric nanocar-
riers-mediated multivalent tumor targeting of Dox offers several advantages, but also presents potential drawbacks. Designing 
and synthesizing polymeric nanocarriers with multivalent targeting functionality presents technical complexities and chal-
lenges. Achieving optimal ligand density, spacing, and orientation on the nanocarrier surface requires meticulous optimiza-
tion, potentially increasing production costs and time.17 Moreover, some polymers or surface modifications utilized in 
nanocarrier synthesis may trigger undesirable immune reactions or exhibit poor biocompatibility, potentially resulting in 
adverse effects.18

In drug delivery, the size and molecular weight of biomaterials significantly influence the release kinetics of 
encapsulated drugs, thereby modulating their therapeutic efficacy.19 Moreover, these factors also shape interactions 
with biological barriers, such as the extracellular matrix and cellular membranes, further affecting drug delivery and 
tumor targeting.20 Nonetheless, they also play key roles in determining biodistribution, circulation time, tumor penetra-
tion, and cellular uptake, ultimately influencing therapeutic outcomes.21 Polymeric nanocarriers with larger molecular 
weights and sizes typically show prolonged circulation times and increased tumor accumulation through the enhanced 
permeability and retention (EPR) effect.22 However, excessively large biomaterials may have poor tumor penetration, 
potentially reducing their therapeutic efficacy.23 Conversely, smaller biomaterials may penetrate tumors more efficiently, 
but they are also rapidly cleared from circulation, which reduces their accumulation in the tumor.24 Thus, the size 
dependency of multivalent targeting strategies and their effect on tumor penetration and therapeutic efficacy remain 
active research areas.25 Large-scale production of polymeric nanocarriers with consistent quality and reproducibility 
presents significant manufacturing challenges. Complex synthesis processes, raw material variability, and regulatory 
requirements may limit the scalability and commercial viability of nanocarrier-based formulations.19,26–30
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Elastin-like polypeptides (ELPs) emerge as a promising biomaterial for drug delivery, offering distinct advantages over 
other synthetic polymers. Since ELPs are derived from human tropoelastin, they are well-tolerated, biocompatible, and 
biodegradable, reducing the risk of long-term toxicity.31 ELPs can be produced in large quantities using recombinant DNA 
technology, ensuring scalability and reproducibility for clinical applications.32 They undergo a sharp phase transition with 
temperature changes, enabling controlled drug release. The physicochemical properties of ELPs, such as their molecular 
weight and hydrophobicity, can be precisely controlled by modifying the amino acid sequence. This tunability enables 
customization of the polymer to optimize drug loading and release kinetics, enhancing therapeutic outcomes.33 ELPs are 
engineered to incorporate targeting ligands, imaging agents, or other therapeutic molecules, forming multifunctional drug 
delivery platforms. This enables targeted delivery of Dox to specific tumor cells, minimizing off-target effects and enhancing 
drug efficiency.34 ELPs provide a stable environment for drug encapsulation, protecting Dox from premature degradation and 
enhancing its solubility a common challenge with hydrophobic drugs such as Dox.

Our previous study shows that fusion ELP-based carriers efficiently incorporate siRNA35 and therapeutic peptides,36 showing 
strong tumor-targeting potential in vivo. Additionally, we also demonstrate that the molecular weight and structural conformation 
of the ELP are crucial in determining tumor penetration, biodistribution, and retention time in tumor tissue. Furthermore, we 
assessed the biodistribution patterns of micelle-forming and non-micelle-forming targeting ELP polymers.37 Our in vivo 
evaluation in two different mouse models further confirms that high molecular weight micelle-forming targeting AP1-ELPs 
effectively localize to tumors and retain within them, demonstrating significant potential as carriers. Nevertheless, these carriers 
require further optimization to enhance the delivery of various therapeutic agents for clinical applications. Investigating the 
mechanisms of drug accumulation and release, as well as comparing the therapeutic effects of micelle-forming and non-micelle- 
forming AP1-ELPs with small molecule drugs, may offer insights into addressing current challenges in drug delivery.

Therefore, this study aims to examine the effectiveness of targeted delivery using AP1-ELPs and elucidate the 
antitumor effects of Dox conjugated to AP1-ELPs with varying molecular weights and structures. Furthermore, the 
inherent properties of AP1-ELP were assessed upon Dox conjugation, while the accumulation and anticancer 
effects of Dox across different sizes or molecular weights were evaluated. Additionally, leveraging the pH- 
responsive release properties of Dox, a novel drug delivery system that enhances the therapeutic efficacy of 
Dox was designed while reducing its adverse effects. Given the overexpression of IL-4R in various solid tumors, 
this study explores the potential of AP1-ELPs as a promising platform for targeted cancer therapy.

Materials and Methods
Materials
Synthetic oligonucleotide encoding (GGCGSCGSC)2 was obtained from Macrogen Inc., Seoul, South Korea. The 
essential restriction enzymes were sourced from New England Biolabs. For protein expression studies, competent 
BL21 (DE3) Escherichia coli cells and DH5α strains were obtained from Invitrogen (Carlsbad, CA, USA). Terrific 
Broth media, acquired from IBI Scientific, CA, USA, served as the growth medium, supplemented with 100 
μg mL ampicillin (AMRESCO, LLC, OH, USA) and 1 mm IPTG (Carbosynth Limited, Berkshire, UK). 
Additionally, Dox-EMCH (the (6-maleimidocaproyl) hydrazone derivative of Dox was procured from ApexBIO 
(Houston, TX 77054, USA). In terms of cell lines, we obtained 4T1 murine breast cancer cells, MDA 
MB231 human breast cancer cells, H460 human lung cancer cells, and H226 murine lung cancer cells were 
obtained from the American Type Culture Collection (ATCC). 4T1, H460, and H226 cells were cultured in RPMI- 
1640 medium (Hyclone), while MDA-MB231-cells were cultured in Dulbecco’s Modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 U/mL penicillin, and 100 μg/mL 
streptomycin, both from Hyclone. All cell cultures were maintained at 37°C in 5% CO2.

Dox Conjugation
The hydrazone derivative of Dox (DOXO-EMCH), covalently bound to the 6 cysteine residues (C6) on ELP, was 
synthesized. Briefly, 200 μM of E60 or AP1-ELPs were diluted in phosphate-buffered saline (PBS) and incubated with 
tris(2-carboxyethyl) phosphine (TCEP) at a 30-fold molar excess at 4°C for 30 min. Subsequently, the protein was 
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precipitated using 1 M sodium chloride (NaCl) and centrifuged at 12000 rpm for 15 min. The resulting pellet was 
dissolved in cold PBS and conjugated to DOXO-EMCH via incubating with a 30-fold molar excess of DOXO-EMCH at 
room temperature for 16 h in the dark, with a final volume of 1 mL PBS. Most unreacted labels were removed through 
inverse thermal cycling. The resulting drug-protein conjugate was resuspended in PBS and filtered through a 3K 
molecular weight cutoff (MWCO) Amicon filter spin column (Thermo Scientific). The concentration of Dox was 
determined by measuring its absorbance at 495 nm, using an extinction coefficient of 9250 L/mol.cm.38 The absorbance 
of Dox at 280 nm was accounted for, and the protein concentration was calculated using its absorbance at 280 nm and 
a molar extinction coefficient of 7190 L/mol cm, according to the provided equation.

Thermal Characterization
The transition temperatures (Tt) of E60-Dox, A38-Dox, A60-Dox, and A86-Dox were determined by monitoring the 
turbidity profile of protein solutions as a function of temperature, using a UV-visible spectrophotometer (Agilent 
Technologies, CA, USA) at 350 nm. The protein solutions were prepared at a concentration of 25 μM, and measurements 
were taken over a temperature range of 20°C–55°C, with a 1°C per minute increment. The first derivative of the turbidity 
profile with respect to temperature was calculated, and Tt was defined as the temperature at which the turbidity reached 
50% of its maximum value. The change in Tt after conjugation with Dox was compared to the Tt of the unmodified E60, 
A38, A60, and A86 proteins.

MALDI TOF/TOF MS Analysis
The molecular weights of E60-Dox, A38-Dox, A60-Dox, and A86-Dox were determined using an UltrafleXtreme mass 
spectrometer (Bruker). Protein samples were initially dissolved in acetonitrile and mixed with an equal volume of matrix 
solution in a 1:1 ratio. A 1-µL aliquot of the resulting mixture was then applied to a standard steel target and allowed to 
desiccate at room temperature. The prepared sample was then analyzed using mass spectrometry to determine the 
molecular weights of the protein-drug conjugates compared to those of the unmodified proteins.

Dynamic Light Scattering (DLS)
The E60-Dox, A38-Dox, A60-Dox, and A86-Dox solutions were diluted in PBS to a concentration of 25 μM. Particle 
size was measured at 24°C using a Malvern Zetasizer Nano-ZS ZEN 3600 instrument (Malvern P Analytical Ltd., United 
Kingdom). This advanced equipment enabled precise measurement of the particle size distribution using a dynamic light 
scattering (DLS) detector positioned at a 90-degree angle.

In vitro Drug Release Kinetic
To evaluate the in vitro release kinetics of Dox from E60-Dox, A38-Dox, A60-Dox, and A86-Dox nanoparticles, each 
suspended in PBS at a concentration of 0.1 mm, were loaded into Spectra/Por membrane tubes with a MWCO of 3500 
Da. The tubes were then immersed in 50 mL of PBS solution adjusted to pH 5 and 7. The release system was maintained 
at a constant temperature of 37°C with gentle agitation at 100 rpm, protected from light. At predetermined time points, 
50 µL was withdrawn from the 50 mL release medium and replaced with an equal volume of fresh medium. The 
concentration of Dox released into the medium was measured at 495 nm using a Cary UV-visible spectrophotometer. The 
cumulative release profile of Dox from the ELP nanoparticles was calculated relative to the initial concentration and 
plotted over time.

In vitro Cellular Uptake
Dox uptake was measured in various cancer cell lines, such as MDA-MB-231, 4T1, H226, and H460. Initially, 2×105 

cells per well were seeded onto 4-well chamber slides and cultured until 80% confluency was reached. The cells were 
then exposed to ELP/AP1-ELP-Dox at a Dox equivalent concentration of 400 ng/mL for 1 h at 37°C. After incubation, 
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the cells were carefully washed with cold PBS and fixed with paraformaldehyde (4%, v/v) at room temperature for 
15 min. After three PBS rinses, the cell nuclei were stained with Hoechst dye and then examined for Dox fluorescence 
using a laser scanning confocal microscope (TS2 Leica).

In vitro Cell Cytotoxicity
Cancer cells (2 x 103 cells per well) were seeded in a 96-well plate and cultured for 24 h, then treated with free Dox, E60- 
Dox, A38-Dox, A60-Dox, and A86-Dox in a dose-dependent manner (0–400 ng/mL equivalents) for an additional 
24 h. Subsequently, CCK solution and media were added to the cells, and the absorbance was measured at 450 nm using 
an automated microplate reader. Cell viability was expressed as a percentage normalized to untreated controls.

Apoptosis Assay
Cancer cells were seeded in 6-well plates at a density of 5×105 cells per well and incubated overnight at 37°C in 
a humidified 5% CO2 atmosphere to allow adherence and growth. The cells were then treated with free Dox, E60-Dox, 
A38-Dox, A60-Dox, and A86-Dox at a Dox-equivalent concentration of 400 ng/mL for 6 h. After treatment, the culture 
medium was replenished with fresh growth medium, and cells were incubated for an additional 24 h. After treatment, 
both adherent and nonadherent cells are harvested through trypsinization (0.25% trypsin-EDTA, Gibco, NY, USA). The 
harvested cells were washed with PBS and stained with Annexin V-FITC/PI (BD Life Sciences, USA). Apoptotic cells 
were analyzed using flow cytometry to determine the percentage of apoptotic cells in the population.

Hemolysis Tests
For hemolysis assay, blood samples were collected from 8-week female C57BL/6 mice in EDTA-coated container using 
standard protocol. Red blood cells were isolated from whole blood using centrifugation method for 3000 rpm, 10 min at 
25 °C. RBCs were washed with PBS buffer saline (pH ~ 7.4) for three times at 3000 rpm for 5 min. For experiment 
purpose, 2% suspension of RBC were prepared with PBS as diluting reagent. All experiments performed with human 
RBC was in accordance with the rule of the institutional ethical committee. Different concentrations of AP1-ELP-Dox 
(eg, 200 and 400 µg/mL) were suspended with 0.8 mL of 2% RBC and incubate at 37 °C for 6 h with gentle shaking. 
After incubation, it was then centrifuge at 3000 rpm for 10 min and carefully transfer the supernatant to a new tube. 
Hemoglobin release was quantified by measuring the absorbance of the supernatant at 540 nm. The percentages of 
hemolysis were calculated using formula.

Tumor Inhibition Study
All studies were conducted in strict adherence to the National Institutes of Health (NIH) guidelines for the care and use of 
Laboratory Animals. The animal experiment protocol was approved by the Committee on the Ethics of Animal 
Experiments of the Kyungpook National University (Permit Number: KNU 2022-0328), ensuring compliance with 
ethical standards and animal welfare regulations. To evaluate the therapeutic efficacy of ELP/AP1-ELP-Dox, female 
BALB/c white mice were inoculated with 4T1 cells (1×106) until tumors were allowed to grow to a critical volume range 
of approximately 50–100 mm3, reached after 5 days of implantation. The mice were then randomly assigned to five 
groups, with 10 mice per group (n = 10). Dox (5 mg/kg), E60-Dox (20 mg/kg equivalent), A60-Dox (20 mg/kg 
equivalent), and A86-Dox (20 mg/kg) were administered intravenously via the tail vein on days 0, 3, and 6, respectively. 
PBS was used as the control in the experiments. Tumor dimensions were measured using a caliper every 3 days. Tumor 
growth inhibition was assessed by measuring tumor volume (V) (mm3) using the formula: Volume (mm3) = (W2 × L)/2, 
where L represents the longest diameter and W represents the shortest tumor diameter (mm). Body weight changes in all 
mice were also monitored throughout the treatment period. Mice were euthanized once tumor volume reached 2000 mm3 

or upon the onset of ulceration.
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In a separate experiment, the survival of tumor-bearing mice was assessed. Mice were monitored for up to 60 days 
posttransplantation of tumors or euthanized earlier under the following conditions: (1) if the mouse exhibited lethargy or 
illness affecting feeding, (2) a > 15% decrease in body weight from baseline, or (3) natural death. Survival rates were 
represented as Kaplan–Meier curves, and the median survival duration was calculated.

TUNEL Staining
For TUNEL staining, tumor tissues from each mouse group were harvested and fixed overnight in 4% paraformaldehyde 
at 4°C. Cryosections (8 μm thick) were prepared from frozen tumor tissues and subjected to TUNEL staining to evaluate 
apoptotic cell death in the tissue sections. Apoptotic cells were identified utilizing the deoxynucleotidyl transferase 
(TdT)-mediated dUTP nick end labeling (TUNEL) assay conjugated with FITC (TUNEL Apo-Green Detection Kit, 
Biotool.com, Seoul, Korea).

Systemic Toxicity Test
To evaluate off-target toxicity, blood samples were obtained, and hematological and biochemical parameters were 
analyzed after the therapeutic regimen was completed. Hematological indices, including white blood cell count 
(WBC), red blood cell count, platelet count (PLT), and hemoglobin concentration (HGB), were determined using 
whole blood specimens (Preclina Inc., Daegu, Korea). Serum samples were collected from each experimental group 
for biochemical profiling. This involved quantifying aspartate aminotransferase (AST), alanine aminotransferase (ALT), 
creatinine (CRE), blood urea nitrogen (BUN), lactate dehydrogenase (LDH), and creatine phosphokinase (CPK) levels to 
identify potential changes in biochemical parameters.

Statistical Analysis
Statistical differences between groups were evaluated using one-way analysis of variance (ANOVA) and Student’s t-test 
for pairwise comparisons. A significance level of p < 0.05 was considered statistically significant. Data are presented as 
the mean ± standard deviation.

Results
Synthesis and Characterization of ELPs of Varying Molecular Weights
Tailoring the size of ELPs has been shown to precisely modulate key parameters such as circulation half-life, cellular 
uptake efficiency, and payload capacity, thereby enhancing the overall efficacy and safety of the drug delivery system. 
The design of ELPs with varying molecular weights for Dox delivery requires a meticulous approach to optimize both 
the pharmacokinetic and pharmacodynamic properties of the drug carrier system. Studies show that high molecular 
weight, micelle-forming ELPs exhibit enhanced circulation in the bloodstream, improved accumulation at target sites, 
and prolonged retention times compared to lower molecular weight, non-micelle-forming AP1-ELPs.37 In this study, 
the coding sequences of ELPs with varying molecular weights, such as E60, A38, A60, and A86 (where the numerical 
values correspond to the molecular weights of the ELPs), were presented with the respective targeting peptides and 
ELP repeats (Figure S1A). Furthermore, all the ELPs were modified with a (GGCGSCGSC)2 sequence, encoding C6, 
at the carboxyl terminus to facilitate chemical conjugation with Dox (Supplementary information). The conjugation 
strategy involved the introduction of reactive groups, such as thiol functionalities, onto the ELP backbone to enable 
site-specific attachment of the drug molecule. The recombinant expression system used facilitated the successful 
purification of the proteins with sizes ranging from 38 kDa to 86 kDa (Supplementary information). The purified 
proteins were obtained to a high degree of purity, with each migrated at the expected molecular weight on SDS-PAGE 
(Figure S1B).

Synthesis and Characterization of ELP–Doxorubicin Conjugates and Characterization
The conjugation reaction between the cysteine-containing ELP and Dox was facilitated using an EMCH linker 
(Figure 1A). The maleimide group on EMCH reacted with the thiol group of the cysteine residue on the ELP, forming 
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a stable thioether bond, while the hydrazide group was used to enable attachment to the keto group on Dox.38 Following 
conjugation with Dox via the EMCH linker, matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) 
analysis was conducted to assess the molecular weight of the conjugated product. Before conjugation, the MALDI-MS 
spectra for E60, A38, A60, and A86 exhibited molecular ion peaks at 54.3, 38.1, 54.3, and 89.4 (kDa), respectively, 
which closely corresponds to the expected molecular weight of the unmodified proteins (Figure 1B–E). After conjugation 
with Dox, the MALDI-MS spectrum revealed new molecular ion peaks at 55.6, 39.3, 56, and 90.5 kDa, indicating an 
increase in mass. This shift corresponds to the conjugation of Dox, with a molecular weight of approximately 750.75 Da 
per molecule. The observed mass increase of approximately 1100~1700 Da suggests the conjugation of 1~2 Dox 
molecules per protein molecule.

Figure 1 Schematic Representation of Doxorubicin-N-ε-Maleimido-Caproic Acid Hydrazide Conjugation with AP1-ELP and Corresponding Molecular Weight Analysis (A) 
Dox, modified with N-ε-maleimido-caproic acid hydrazide (EMCH), was conjugated to AP1-ELP through a cysteine residue. The EMCH linker facilitates selective attachment 
of Dox to the cysteine thiol group on AP1-ELP, forming a stable thioether bond. (B–E) Mass spectrometry analysis further was used to confirm the molecular weight 
increase of AP1-ELP-Dox compared to unconjugated AP1-ELP, validating successful Dox conjugation.
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Following conjugation with Dox, the Tt and hydrodynamic radius (Rh) of ELP-Dox conjugates were determined and 
compared to unconjugated ELPs using turbidity assays and DLS. Conjugation with Dox did not affect the Tt of E60, 
while a slight increase in Tt was observed, ~ 2.81°C for A38 and ~ 4.05°C for A60. For A86, the Tt increased by ~ 
7.30°C (Table S1 and Figure 2A–D). This observed increase in transition temperature may be due to the conjugation with 
Dox, which could reduce hydrophobic interactions. The presence of Dox, particularly its interaction with or disruption of 
the hydrophobic regions of the ELP, is expected to reduce the driving force for phase separation, thereby requiring 
a higher temperature to induce the transition.

The hydrodynamic particle size of ELP in aqueous solution was measured using DLS to evaluate the effects of 
conjugation with Dox on its self-assembly and aggregation behavior. The DLS analysis revealed no significant change in 
particle size for E60-Dox (74.92 nm) and A38-Dox (38.63 nm) compared to the native E60 (79.31 nm) and A38 (41.08 
nm) at room temperatures, below the Tt (Figure 3A and B). In contrast, A60-Dox and A86-Dox exhibited a significant 
increase in particle size to 87.78 nm and 128.7 nm, respectively, compared to the native A60 (35.11 nm) and A86 (52.97 
nm) (Figure 3C and D). This increase in particle size post-conjugation is due to the added mass of Dox and the modified 
self-assembly properties of the ELP upon drug conjugation.

Doxorubicin Release Kinetics
The release profile of Dox from ELP nanoparticles was assessed under two distinct pH conditions: pH 5 to simulate the 
acidic environment typical of lysosomes or tumor sites and pH 7.2 to represent the near-neutral physiological conditions 
of the bloodstream. A significantly faster release of Dox was observed at pH 5 than at pH 7.2 (Figure 4A–D). Within the 
first 24 h, approximately 94.7% of Dox was released from all ELP-Dox conjugates at pH 5. In contrast, at pH 7.2, the 
release rates were significantly slower, with E60, A38, A60, and A86 releasing 28.3%, 24.3%, 16.8%, and 15.7% of Dox, 

Figure 2 Thermal Characterization of ELP-Dox Conjugates. Turbidity profiles (OD350 nm) for (A) E60-Dox, (B) A38-Dox, (C) A60-Dox, and (D) A86-Dox were 
measured at a heating rate of 1°C/min with a 25-μM protein concentration. The transition temperature (Tt) was defined as the temperature at which the turbidity reached 
50% of its maximum value. Thermal profiles of ELP – Dox conjugates were compared to those of the native ELP. The observed shift in Tt for the AP1-ELP-Dox conjugates 
highlights the effects of Dox conjugation on the thermoresponsive properties of AP1-ELP.
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respectively, over the same 24-h period. The accelerated release observed at pH 5 is likely due to the protonation of the 
hydrazone linker (or other pH-sensitive linkages), which destabilizes the interaction between Dox and the nanoparticles, 
thereby promoting enhanced drug release. These results indicate that ELP-Dox conjugates are more likely to release their 
payload in acidic environments, such as endosomes or tumor microenvironments. In contrast, the release of Dox from the 
ELP nanoparticles at pH 7.2 was significantly slower, demonstrating their stability under neutral physiological 
conditions.

Cellular Binding and Cell Uptake of Micelles
Subsequently, the influence of different structures and sizes of ELP on the uptake and release of Dox in cancer cells was 
assessed. To evaluate the cellular association of ELP-Dox and AP1-ELP-Dox with tumor cell lines, H460, H226, 4T1, 
and MDA-MB231 cells were incubated with ELP/AP1-ELP-Dox at a concentration equivalent to 400 ng/mL of Dox, or 
with free Dox for 1 h. The cellular localization of Dox delivered using ELP/AP1-ELP or free Dox was examined using 
confocal fluorescence microscopy. Figure 5A displays that H460 cells, which exhibit low IL-4R expression, showed no 
significant Dox accumulation after 1 h of incubation. In contrast, in IL-4R-expressing 4T1 cells, Dox delivered by 
micelle-forming AP1-ELP (A86) was predominantly localized in the nucleus after 1 h, while no signal was detected for 
free Dox, E60, or A38. Only a weak signal was observed with A60 (Figure 5B). Similarly, in the H226 and MDA- 
MB231 cells, which exhibit high IL-4R expression, A60-Dox, and A86-Dox demonstrated predominant cytoplasmic 
distribution after 1 h of treatment (Figure 6A and B). In contrast, lower levels were detected in the E60 and A38-treated 

Figure 3 Size Determination via DLS. Hydrodynamic diameters of (A) E60–Dox, (B) A38-Dox, (C) A60-Dox, and (D) A86-Dox, along with native AP1-ELP, were measured 
using DLS at a 25-μM protein concentration at room temperature. Average hydrodynamic diameter of AP1-ELP-Dox demonstrated a slight increase compared to native 
AP1-ELP. Scale bar = 100 μm.
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cells over the same exposure period. The distribution of free Dox shifted from the cytoplasm to exclusively nuclear 
localization by 4 h (Supplementary Information and Figures S2–S4). E60 showed no detectable Dox distribution in all 
cell lines, indicating that the presence of AP1 is crucial for effective Dox delivery into tumor cells.

Cytotoxicity of AP1-ELP-Dox Conjugates and Free Dox
To evaluate the effect of size on the cytotoxicity of ELP conjugates, in vitro toxicity assays were conducted using 
different ELP variants. ELPs of varying sizes (E60, A38, A60, and A86) were conjugated with Dox to assess their 
toxicity in cancer cells. The toxicity profiles of the ELP-Dox conjugates varied significantly based on the size and 
molecular weight of the ELP. However, in H460 cells, which exhibit low IL-4R expression, minimal toxicity was 
observed, potentially due to low internalization of Dox (Figure 7A). Larger, micelle-forming ELP constructs, such as 
A86, showed slightly enhanced toxicity in a dose-dependent manner compared to the smaller E60 and A38 constructs 
(Figure 7B–D). In 4T1, H226, and MDA-MB231 cells, treated with 400 ng of A86-Dox resulted in viability reductions to 
40.47%, 39.83%, and 53.93%, respectively, compared to the untreated control (100%). This enhanced toxicity is 
potentially due to the increased ability of A86 to deliver payloads of Dox per molecule, leading to greater intracellular 
drug accumulation. In direct comparison, the micelle-forming A86-Dox conjugated exhibited the highest cytotoxicity 
across all tested cancer cell lines, followed by A60-Dox. The smaller, linear ELP-Dox conjugates, E60 and A38, 
exhibited comparatively lower cytotoxicity than their micelle-forming counterparts. This pattern suggests that micelle- 
forming ELP constructs deliver higher intracellular concentrations of Dox and prolong drug retention, thereby enhancing 
cytotoxic effects. Conversely, the smaller, linear ELP constructs release Dox more rapidly and less efficiently, leading to 
reduced cytotoxicity. These findings highlight the significance of optimizing the size and molecular weight of ELP 
constructs to enhance the therapeutic efficacy of ELP-based drug delivery systems.

Figure 4 Dox Release Profile from AP1-ELP-Dox. (A–D) Release kinetics of Dox from AP1-ELP-Dox conjugates were measured under physiological conditions (37°C) at 
pH 7.2 and pH 5. Dox release was monitored at regular intervals, demonstrating a sustained release profile over time.
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Apoptosis Assay
The apoptotic efficacy of Dox-conjugated AP1-ELPs was evaluated with a focus on structural differences between linear 
and micelle-forming ELPs, alongside the influence of molecular weight on apoptotic potential. Apoptosis was assessed in 
multiple cancer cell lines (H460, 4T1, H226, and MDA-MB231) using Annexin V/PI staining followed by flow 
cytometry, examining ELP-Dox conjugates of varying molecular weights (E60, A38, A60, and A86). Cell death and 
apoptosis were quantified following a 4-h incubation with free Dox and ELP-Dox conjugates, followed by an additional 
24-h culture period. The A86-Dox conjugate induced the highest levels of cell death in H226 (Figure 8B) and MDA- 
MB231 (Figure 8D) showing 82.33% and 81.01% cell death, respectively—both cell lines characterized by elevated IL- 
4R expression. In contrast, H460 (Figure 8A) and 4T1 (Figure 8C) cells demonstrated lower apoptosis levels, with 
28.80% and 62.52% cell death, respectively. Among all tested conjugates, E60-Dox conjugates exhibited the lowest 
apoptotic activity across cell lines, potentially due to limited cellular internalization, highlighting the importance of 
molecular weight and targeted delivery mechanisms.

In contrast, conjugation with AP1-ELPs significantly enhanced the apoptotic potential of Dox, with a clear depen-
dence on the molecular weight of the AP1-ELPs. Larger AP1-ELPs, such as A86, induced a higher percentage of both 
early and late apoptotic cells than the smaller constructs, such as E60 and A38 (Figure S5). For example, in the 4T1, 
MDA-MB231, and H226 cell lines, the A86-Dox conjugate induced apoptosis in approximately 67.35%, 78.17%, and 

Figure 5 Intracellular Localization of AP1-ELP-Dox Conjugates in H460 and 4T1 cells. H460 (A) and 4T1 cells (B) were plated on a 0.2 μm coverslip, treated the 
following day with 20 μM AP1-ELP-Dox conjugates for 1 h at 37°C and subsequently washed and stained with Hoechst to label nuclei. After staining, they were mounted on 
slides and imaged under a confocal microscope. Scale bar = 100 μm.
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58.74% of the cells, respectively, after 24 h. In contrast, the E60-Dox conjugate induced apoptosis in 25.36%, 50.17%, 
and 16.34% of the cells. These results suggest that higher molecular weight AP1-ELPs enhance drug delivery efficiency, 
leading to more pronounced apoptotic effects. For example, in the H460 cell line, the A86-Dox conjugate induced 
apoptosis in 23.17% of cells, while the E60-Dox induced apoptosis in only 19.30% after 24 h of treatment. This result 
demonstrates that Dox delivery occurs through an IL-4 receptor-mediated endocytosis mechanism.

Plasma Stability and Hemolysis Assay
Evaluation of nanoparticle stability in biologically relevant environments, such as plasma, is critical for determining 
carrier performance, biodistribution, and therapeutic outcomes. In this study, the colloidal stability of ELP-Dox and AP1- 
ELP-Dox constructs was assessed under physiologically conditions by measuring particle sizes using dynamic light 
scattering (Supplementary information). After 24 h of incubation at 37 °C, both ELP-Dox and AP1-ELP-Dox exhibited 
a slight increase in particle size, indicating good structural integrity with minor susceptibility to protein interactions or 
aggregation (Figure S6). In contrast, A86-Dox showed a relatively greater increase in size, suggesting that it may be 
more prone to micelle fusion, aggregation, or protein adsorption—common outcomes when nanocarriers interact with 
complex biological matrices like plasma. Interestingly, A38-Dox demonstrated a slight decrease in particle size, which 
may reflect improved resistance to plasma-induced destabilization. This enhanced stability could be attributed to its 
unique sequence composition or physicochemical properties that reduce unfavorable interactions with plasma proteins.

Figure 6 Intracellular Localization of AP1-ELP-Dox Conjugates in H226 and MDA-MB231 cells. H226 (A) and MDA-MB231 (B) cells were seeded onto 0.2 μm coverslips 
and treated with AP1-ELP-Dox the next day at a 20-μM concentration for 1 h at 37°C. After treatment, cells were washed, stained with Hoechst to label nuclei, and 
mounted onto slides for imaging under a confocal microscope. Scale bar = 100 μm.
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Simultaneously, the hemocompatibility of the AP1-ELP-Dox conjugates were assessed through a hemolysis assay 
using red blood cells (RBCs) isolated from 8-week-old female C57BL/6 mice. RBCs were treated with AP1-ELP-Dox at 
two concentrations (200 µg/mL and 400 µg/mL) and incubated at 37 °C for 6 h. Hemoglobin release was quantified by 
measuring the absorbance of the supernatant at 540 nm. The results showed that AP1-ELP-Dox induced minimal 
hemolysis at both tested concentrations (Figure 8E). At 200 µg/mL, the hemolysis percentage was approximately 2%, 
while at 400 µg/mL, it slightly increased to around 2.9% (Figure 8F). Both values were well below the generally 
accepted safety threshold of 5%, indicating that the formulation is hemocompatible under the experimental conditions. 
Overall, these findings suggest that AP1-ELP-Dox has good blood compatibility and does not cause significant damage to 
erythrocytes at the tested concentrations.

Tumor Growth Inhibition as a Function of ELP Size
To assess the sustained therapeutic potential of AP1-ELP-Dox constructs, their intratumoral retention was evaluated in 
4T1 tumor-bearing mice. Once tumors reached a volume of approximately 100 mm³, the mice were intravenously 
injected with free Dox, E60-Dox, A60-Dox, or A86-Dox at a dose of 20 mg/kg (n = 4). In vivo fluorescence imaging 
using the IVIS system at 24- and 48-h post-administration revealed that A86-Dox exhibited markedly higher tumor 
accumulation, which persisted through 48 h (Figure S7). In contrast, constructs with lower molecular weights, E60-Dox 
and A60-Dox, demonstrated limited tumor localization. These results highlight the superior tumor-retention capability of 
the micelle-forming, high molecular weight AP1-ELP construct A86-Dox, underscoring its potential for enhanced 
therapeutic efficacy compared to non-micellar or lower molecular weight formulations.

Figure 7 Cytotoxic Effects of Free Doxorubicin and AP1-ELP-Dox on Various Cancer Cell Lines. (A) H460, (B) 4T1 (C) H226 and (D) MDA-MB231 cells were exposed to 
different concentrations of E60-Dox, or AP1-ELP, or free Dox for 24 h at 37°C. Cell viability was assessed using the CCK-8 assay. Data represent the mean from at least 
three independents’ experiments, with error bars representing the SEM. ***p < 0.0001, **p < 0.001 *p < 0.05 between ELP-Dox or AP1-ELP-Dox compared to untreated 
(one-way ANOVA).
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Figure 8 Apoptosis Assay. Tumor cell lines, such as H460 (A), H226 (B), 4T1 (C), and MDA-MD231 (D) cells, were treated with 400 ng of Dox equivalent through AP1-ELP- 
Dox, E60-Dox, or free Dox. Apoptosis was analyzed 24 h posttreatment using an Annexin V/PI staining assay to assess cell death. Bar graphs represent the percentage of cell 
death cells as the average of three independent experiments. Statistical significance was evaluated using one-way ANOVA: ***p < 0.0001 and *p < 0.05 between AP1-ELP-Dox or 
E60-Dox compared to Free-Dox. (E) The hemocompatibility of the AP1-ELP-Dox conjugates were assessed through a hemolysis assay using red blood cells (RBCs) isolated 
from 8-week-old female C57BL/6 mice. RBCs were treated with AP1-ELP-Dox at two concentrations (Dox equivalent: 200 and 400 µg/mL) and incubated at 37 °C for 
6 h. Hemolysis is observed depends on lysis of RBC. (F) Hemoglobin release was quantified by measuring the absorbance of the supernatant at 540 nm. The error bars represent 
the standard error of the mean (SEM) from three independent experiments (n=3). 
Abbreviations: PC, positive control; NC, negative control.
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Furthermore, the in vivo efficacy of AP1-ELPs-Dox conjugates with different molecular weights and structures (E60, 
A38, A60, and A86) was evaluated using a 4T1 allograft mouse model. Tumor-bearing mice were treated with these 
conjugates, and tumor volumes were monitored over time (Figure 9A). Tumor growth inhibition correlated directly with 
the size and molecular weight of the AP1-ELPs. Mice treated with larger, micelle-forming AP1-ELPs, such as A86-Dox, 
exhibited the most significant reduction in tumor volume, with 3.3-fold smaller tumors by day 21 than those in the 
control group (p =0.0001, Figure 9B). Mice treated with the intermediate A60-Dox conjugate showed a 2.1-fold decrease 
in tumor volume (p = 0.001), while those treated with the nontargeted E60-Dox exhibited a modest 1.2-fold reduction 
compared to those in the control (p ˃0.0038). Mice treated with free Dox demonstrated intermediate tumor inhibition; 
however, tumor regrowth occurred rapidly after treatment cessation (p =0.1446). In contrast, PBS-treated control mice 
exhibited the largest tumor growth.

Figure 9 In vivo Assessment of Antitumor Effects of AP1-ELP-Dox Conjugates. (A) 4T1 cells were subcutaneously injected into the mammary fat pad of Balb/c wild-type mice. 
Once the tumors reached a volume of ~150 mm3, treatment with PBS, free Dox, or AP1-ELP–Dox conjugates were initiated on day 0. Arrows indicate treatment days on days 0, 
3, 6, and 9. (B) Tumor volume was monitored every other 3 days using caliper measurements. *** indicates statistical significance between the A86 group and PBS (p < 0.0001), 
**p < 0.001 between A60-Dox and PBS (C) At the end of the treatment, mice were sacrificed, and the tumors excised and weighed. (D) Average tumor weight after therapy. 
Statistical significance was evaluated using one-way ANOVA: ***p < 0.0001 between A86-Dox and PBS, **p < 0.001 between A60-Dox and PBS, *p < 0.05 between E60-Dox and 
PBS. (E) Average body weight of mice measured every 3 days throughout the treatment period (n = 5). (F) Kaplan–Meier survival curve illustrating the survival rates of tumor- 
bearing mice treated with AP1-ELP-Dox, E60-Dox, or free Dox. Data are presented as mean ± SEM, highlighting the enhanced therapeutic efficacy and survival advantage of 
AP1-ELP-mediated Dox delivery. **p < 0.001 indicates statistical significance between A86-Dox and PBS, *p < 0.05 between A60-Dox and PBS.
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Following the completion of the in vivo treatment study, excised tumors were immediately weighed to assess the 
effect of different molecular weights and sizes of AP1-ELPs on tumor burden. The results showed a significant 
correlation between tumor weight and the molecular size of the AP1-ELPs (Figure 9C). Tumors from mice treated 
with A86-Dox exhibited the most significant reduction in weight, with an average tumor mass of 0.29 g, representing 
a 2.8-fold decrease compared to those of PBS-treated controls (p = 0.0001, Figure 9D). Treatment with the intermediate- 
sized A60-Dox significantly decreased tumor weight to 0.43 g, a 1.9-fold decrease compared to controls (p=0.0013), 
though less pronounced than the reduction observed with A86-Dox. In contrast, tumors from mice treated with the E60- 
Dox construct exhibited only modest reductions in mass (0.58 g, p=0.0302), which were not statistically different from 
those of the free Dox group (0.79 g, p=0.9938). Tumors in the PBS-treated control group were the largest (0.82 g), 
confirming that the therapeutic effect is strongly influenced by the molecular size and drug delivery efficiency of the 
AP1-ELPs. Body weight was monitored throughout the treatment period to assess systemic toxicity and overall health in 
the mice. Mice treated with AP1-ELP-Dox conjugates of different molecular weights (E60, A38, A60, A86), free Dox, or 
PBS (control) were weighed at regular intervals to evaluate the treatment-related weight loss, a typical side effect of 
chemotherapy (Figure 9E). The results indicated that mice treated with AP1-ELP-Dox conjugates maintained relatively 
stable body weights compared to those receiving free Dox, regardless of conjugate size. Mice treated with free Dox 
exhibited only minor fluctuations in body weight, reaching a maximum weight loss of 16% by the end of the treatment 
period, which was not statistically significant (p > 0.05) compared to the PBS-treated control group. The control group 
maintained stable body weights throughout the experiment, serving as a baseline for comparison. These findings suggest 
that AP1-ELP-Dox conjugates, particularly micelle-forming constructs such as A86, reduce systemic toxicity compared 
to free Dox, as indicated by the maintenance of stable body weight throughout treatment. This reduced toxicity, along 
with enhanced therapeutic efficacy, supports the potential of larger AP1-ELP-based drug delivery systems as safer and 
more effective alternatives to conventional chemotherapy.

The effect of AP1-ELP-Dox conjugate size on overall survival was evaluated using Kaplan–Meier survival analysis in 
tumor-bearing mice treated with AP1-ELPs of difference molecular weights (E60, A38, A60, and A86), free Dox, or PBS 
(control). Mice were monitored over 45 days, with survival curves generated to assess the size-dependent effect on 
survival rates. The Kaplan–Meier survival curves demonstrated a clear size-dependent improvement in survival out-
comes. Mice treated with the largest micelle-forming AP1-ELP construct, A86-Dox, showed a significantly prolonged 
median survival time of 45 days, with 50% of the mice surviving beyond 45 days (p < 0.001), compared to those in the 
control group (Figure 9F). Additionally, the A60-Dox conjugate produced a statistically significant increase in survival, 
with a median survival of 28 days (p < 0.05), while this effect was less pronounced than that observed with A86-Dox. In 
contrast, the E60-Dox conjugate demonstrated only a modest survival benefit, achieving a median survival of 24 days, 
similar to that observed with free Dox treatment. Mice in the PBS-treated control group exhibited the shortest median 
survival of 15 days, highlighting the poor prognosis of untreated tumors. The survival benefit associated with the larger 
AP1-ELP-Dox conjugates, particularly A86, suggests enhanced therapeutic efficacy, potentially due to increased drug 
accumulation, prolonged circulation, and improved tumor targeting. This size-dependent increase in survival further 
supports the hypothesis that higher molecular weight ELPs enhance therapeutic outcomes by improving drug delivery 
efficiency and reducing systemic clearance.

Histological examination of tumor tissue and major organs (heart, liver, kidneys, spleen, and lungs) using 
Hematoxylin and eosin (H&E) staining facilitated the evaluation of both therapeutic efficacy on the tumor and potential 
off-target toxicity in healthy organs during treatment (Supplementary Information and Figure 10). Tumor sections from 
mice treated with larger AP1-ELP-Dox conjugates, particularly A86, exhibited significant necrosis and apoptosis within 
the tumor mass, characterized by widespread cell death, nuclear fragmentation, and disrupted tissue architecture. In 
contrast, tumor tissues from mice treated with smaller E60-Dox conjugates or free Dox exhibited only focal areas of 
necrosis, with viable tumor cells remaining intact, indicating lower therapeutic efficacy. H&E staining of heart tissues 
revealed no evidence of cardiotoxicity in the A86-ELP-Dox and A60-ELP-Dox treatment groups, with normal myocar-
dial structure observed. Conversely, free Dox-treated mice exhibited early signs of cardiomyopathy, including vacuoliza-
tion and muscle fiber disarray, indicative of Dox-induced toxicity. The liver, kidneys, spleen, and lungs of mice treated 
with AP1-ELP-Dox conjugates, regardless of molecular size, exhibited normal histological architecture with no 
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indications of toxicity, demonstrating the safety of the ELP-based delivery system. TUNEL assay results revealed a high 
degree of TUNEL-positive cells in tumor tissues, with a lower staining intensity observed in the heart, particularly in the 
A86-Dox treatment group (Figure S8). The A86 carrier enhances selective Dox accumulation within the tumor micro-
environment, promoting increased apoptosis in cancer cells while potentially reducing cardiac toxicity. In contrast, mice 
treated with free Dox exhibited fewer TUNEL-positive cells in tumor tissue but higher TUNEL intensity in heart tissue, 
indicating reduced tumor-targeting efficiency and increased cardiac damage.

After completing the therapeutic regimen with AP1-ELP-Dox conjugates of different molecular weights, 
a comprehensive evaluation of hematological and biochemical parameters was conducted to assess the overall health 
of the mice and identify any potential treatment-related adverse effects. Hematological analysis of blood samples 
indicated that mice treated with the larger AP1-ELP-Dox conjugates (A86 and A60) maintained normal profiles, with 
WBC, HGB, and platelet counts within the physiological range compared to the PBS-control group (Figure 11A–C). 
Biochemical analysis of serum samples—conducted to evaluate liver, kidney, and heart function, alongside the overall 
metabolic health—demonstrated that mice treated with AP1-ELP-Dox conjugates exhibited normal biochemical 
profiles. Furthermore, ALT and AST levels were within normal limits, indicating no signs of hepatotoxicity 
(Figure 11D and E). Similarly, BUN and creatinine levels remained within the normal range, suggesting that the 
larger AP1-ELP constructs did not induce nephrotoxicity (Figure 11F and G). In contrast, free Dox-treated mice 
exhibited significantly elevated ALT and AST levels (p < 0.001), indicating liver damage. Additionally, higher 
molecular weight AP1-ELP-Dox conjugates demonstrated lower serum LDH and CPK levels than those of both free 
DOX and conjugates of lower molecular weights, indicating reduced cardiotoxicity (Figure 11H and I). In contrast, 
free Dox treatment led to elevated serum CPK levels, a specific marker for cardiac muscle injury, indicating DOX- 
induced cardiotoxicity.

Figure 10 Analysis of Cellular Morphology and Tissue Structure. Representative images of H&E-stained tumor and organ sections (liver, heart, spleen, lung and kidney) after 
the treatment. Scale bar = 50 μm.
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Discussion
The multivalent display of AP1 on ELP scaffolds improves receptor engagement through avidity effects, increasing the 
probability of binding to IL-4R-expressing tumor cells. This enhanced binding may improve the internalization and retention 
of therapeutic agents within tumors, resulting in higher localized drug concentrations and prolonged therapeutic efficacy. 
However, as particle size increases or as structural conformation changes due to thermal transition, steric hindrance may occur, 
limiting the ability of tumor-targeting AP1-ELP polymer receptors simultaneously on densely packed cell surfaces. Larger 
nanoparticles, while exhibiting poor tissue penetration, may accumulate in the liver and spleen, leading to off-target effects and 
potential toxicity. In contrast, smaller nanoparticles, despite their efficient tumor penetration, may be rapidly cleared from 
circulation, thereby reducing their overall therapeutic efficacy. Optimizing the size of AP1-ELPs to an intermediate range can 
maximize tumor retention while minimizing off-target effects and systemic toxicity.

Therefore, the size, molecular weight, and structure of the ELPs were optimized through genetic engineering to 
exhibit similar thermal transitions at physiological body temperature. The performance of these ELP-based Dox delivery 
systems was evaluated through both in vitro and in vivo studies, assessing parameters such as drug loading efficiency, 

Figure 11 Blood and Serum Biochemistry for Systemic Toxicity. (A–I) Blood and serum samples were collected to evaluate liver, heart and kidney function markers, 
including ALT, AST, BUN, creatinine, LDH and CPK levels. Biomarker levels in AP1-ELP-Dox treated groups were consistent with baseline values, indicating low systemic 
toxicity. Data are presented as mean ± SEM from three independent experiments (n = 3). *p < 0.05 between free Dox and PBS.
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release kinetics, cytotoxicity, and therapeutic efficacy. The Dox conjugation to the protein was confirmed through 
MALDI-MS based on the shift in the molecular peak compared to the native protein peak (Figure 1B–E). The differential 
release profiles observed under the two-pH conditions demonstrate the pH-sensitive nature of the ELP-Dox nanoparticles. 
At pH 5, the release rate is significantly higher due to the acidic environment that facilitates faster cleavage of the 
conjugation linkages. In contrast, at pH 7.2, the release is slower, resulting in a more sustained release under neutral 
physiological conditions (Figure 4A–D). Therefore, the design of AP1-ELPs is well-suited for targeted drug delivery, 
facilitating a faster release of Dox in acidic environments, such as tumor tissues or intracellular compartments, while 
maintaining stability in the bloodstream at neutral pH. Additionally, this controlled release profile further indicates that 
AP1-ELP-Dox nanoparticles have the potential to selectively deliver Dox to tumor sites, thereby minimizing off-target 
effects in healthy tissues.

The viability and apoptosis assay results highlight the significant influence of ELP size and molecular weight on the 
cytotoxicity of ELP-Dox conjugates. Larger, micelle-forming ELP constructs, such as A86, exhibit enhanced cellular uptake 
and increased toxicity, potentially due to their ability to deliver a higher drug load per nanoparticle (Figure 7A–D). In contrast, 
smaller ELPs, such as E60 and A38, demonstrate lower toxicity, correlating with their reduced drug delivery efficiency. This 
can be attributed to the temperature-sensitive transition to micellar structures, which enhances endocytosis and improves the 
exposure of targeting ligands, resulting in more efficient drug delivery into the cells.

Apoptosis assay results consistently demonstrated that both the size and molecular weight of ELP conjugates 
significantly affect their ability to induce apoptosis. Larger, micelle-forming ELPs, such as A86, were more efficient 
at delivering Dox and inducing apoptosis in cancer cells than the smaller, linear ELPs across all tested cancer cell lines 
(Figure 8A–D). This effect may be due to enhanced cellular uptake, prolonged drug retention, and increased activation of 
both intrinsic and extrinsic apoptotic pathways. The micellar structures may facilitate enhanced cellular uptake and 
prolonged retention of Dox, leading to increased DNA damage and activation of apoptosis pathways.

Subsequently, the influence of the size and structure of AP1-functionalized ELPs (AP1-ELPs) on the targeting and 
therapeutic performance of Dox conjugates was evaluated in vivo. The tumor-targeting efficacy of AP1-ELPs was assessed by 
evaluating their ability to inhibit tumor growth in the 4T1 allograft mouse model. The size-dependent efficacy of AP1-ELP- 
Dox conjugates is attributed to several factors, including their ability to exploit the EPR effect, enhanced tumor targeting via 
IL-4 receptor-mediated endocytosis, and improved pharmacokinetics associated with their larger size or nanoparticle retention 
due to temperature-triggered phase transition with the 100–200 nm range. This synergy improves the localization of Dox 
within the tumor, leading to significant tumor growth inhibition, as demonstrated in the 4T1 allograft model (Figure 9B–D). 
The optimal-sized AP1-ELP nanoparticles, such as A86, exhibit significantly improved tumor accumulation, increased 
cellular uptake, and enhanced therapeutic response compared to their smaller counterparts. A86 facilitates a more controlled 
release of Dox within the tumor microenvironment, contributing to the observed increase in apoptotic cells and overall tumor 
regression. This finding is consistent with those of previous studies indicating that macromolecular carriers of larger size 
exhibit better tumor targeting and less off-target distribution. In contrast, smaller ELPs, such as E60, may be more rapidly 
cleared from circulation, reducing their therapeutic efficacy.

Furthermore, Kaplan–Meier survival analysis revealed a clear size-dependent improvement in therapeutic outcomes 
for mice treated with AP1-ELP-Dox conjugates, with larger ELP constructs demonstrating significantly enhanced 
survival benefits. Specifically, the A86-Dox conjugate provided the greatest survival benefit, showing a significant 
increase in median survival and a higher percentage of long-term survivors compared to smaller constructs (E60) and 
free Dox treatment (Figure 9F). The superior efficacy of larger ELPs, particularly A86, can be attributed to several key 
factors. First, the increased molecular size and micelle-forming ability of these larger ELPs may contribute to improved 
pharmacokinetics, including prolonged circulation times and reduced renal clearance. In contrast, smaller constructs, 
such as A38 and A60, demonstrated only modest survival benefits, potentially due to their rapid clearance from 
circulation and reduced tumor-targeting efficiency. These findings are consistent with those of previous studies indicating 
that smaller drug delivery systems typically exhibit faster systemic clearance, leading to lower drug concentrations at the 
tumor site and reduced therapeutic outcomes. The limited efficacy of free Dox, as observed in the survival analysis, 
highlights the challenges of using free drugs, which are rapidly cleared and prone to off-target toxicity, thereby limiting 
their therapeutic window.
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Evaluation of potential toxicity associated with AP1-ELP-Dox conjugates showed no significant differences in systemic 
toxicity among the various ELP-Dox and AP1-ELP-Dox formulations, as demonstrated via body weight and histopathological 
analyses of major organs (liver, kidneys, and lung) (Figure 10). However, free Dox-treated mice exhibited significant signs of 
cardiotoxicity, while AP1-ELP-Dox-treated mice exhibited no significant adverse effects, regardless of ELP size. Larger 
constructs, such as A86, improved tumor cell necrosis and significantly reduced systemic toxicity compared to the free Dox. 
Subsequent assessment of hematological and biochemical parameters after the therapeutic regimen indicated that larger 
molecular weight ELP constructs, such as A86, preserve normal blood profiles and biochemical markers, thereby reducing the 
risk of systemic toxicity typically associated with conventional Dox treatment (Figure 11). In contrast, the administration of 
free Dox was associated with significant biochemical disturbances, highlighting the benefits of utilizing ELP-based drug 
delivery systems to enhance therapeutic efficacy while minimizing adverse effects. These findings suggest that larger ELP- 
based drug carriers, with enhanced tumor targeting and reduced systemic exposure, can achieve a more favorable therapeutic 
index by selectively delivering the drug to the tumor while minimizing toxicity to healthy tissues.

Overall, these findings highlight the potential of higher molecular weight ELPs in cancer therapy, particularly when 
paired with targeted drug delivery strategies. Larger ELP constructs with micelle-forming capabilities may offer superior 
therapeutic efficacy by enhancing stability and facilitating controlled drug release within the tumor microenvironment 
(TME). Additionally, these findings highlight the potential of A86 as a safer alternative for cancer treatment, necessitat-
ing further investigation into its clinical applications. Future studies could build upon these findings by investigating the 
effects of even larger ELP constructs or by integrating AP1-ELP-Dox conjugates with additional targeting ligands or 
combination therapies to improve survival outcomes. Additionally, optimizing ELP size drug loading efficiency and 
exploring combination treatments could further enhance antitumor effects. Expanding this approach to include metastatic 
or aggressive cancer models would provide insight into the broader therapeutic potential of AP1-ELP-Dox conjugates.

Conclusions
The efficacy of therapeutic agents targeting solid tumors depends largely on the interplay between nanoparticle size, 
structure, and their ability to penetrate the TME. This study shows that delivering Dox using AP1-ELPs of varying 
molecular weight, from linear to micelle-forming structures, highlights the significant role of nanoparticle architecture in 
drug delivery efficiency, tumor penetration, and therapeutic outcomes. Compared with nontargeted E60, all AP1-ELP 
constructs exhibited phase transition changes within a clinically applicable temperature range, with enhanced internaliza-
tion observed in a time-dependent manner. The micelle-forming AP1-ELP, A86, self-assembles into more stable 
structures at physiological temperature, with faster tumor accumulation and uptake compared to its linear counterpart. 
Overall, these findings indicate that micelle-forming A86, particularly those with higher molecular weights, enhances 
therapeutic efficacy and survival in allograft mice while reducing systemic toxicity. These findings suggest the potential 
of micelle-forming AP1-ELPs as a more effective and safer nanocarrier for cancer therapy, advancing their development 
for clinical applications focused on optimizing tumor-targeted drug delivery and minimizing adverse side effects.
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