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Introduction: Lung cancer, a deadly malignancy, often employs Docetaxel (DTX) as a chemotherapy option. However, DTX non-
selective distribution limits its therapeutic effectiveness due to adverse side effects. This study aims to develop novel folate-targeted
albumin polyester nanocarriers (FA-DTX-APs) encapsulating DTX for precise delivery, enhancing lung cancer treatment efficacy.
Methods: FA-DTX-APs were meticulously crafted utilizing the thin-film dispersion technique and subsequently evaluated for their
physicochemical characteristics, encapsulation efficiency, and drug release profiles. To assess their biological properties, anti-tumor
efficacy, and biosafety in the context of lung cancer, a comprehensive series of hemolysis assays, cellular studies, and animal
experiments were conducted.

Results: FA-DTX-APs exhibit nanovesicle properties with a size of (223.65 + 6.83) nm, a potential of (26.76 + 3.15) mV, and
encapsulate DTX with high efficiency (96.19 + 3.27%) and loading capacity (9.75 + 0.38%). FA-DTX-APs enable tumor-targeted drug
delivery and slow release of the drug over a long period of time, with faster release in acidic environments. By efficiently targeting and
entering lung cancer cells, FA-DTX-APs effectively hinder cancer growth (P < 0.05), demonstrating superior anti-tumor effects (P <
0.05), biocompatibility and enhanced biological safety (P < 0.05).

Conclusion: This study introduces FA-DTX-APs, an innovative nanocarrier characterized by exceptional biocompatibility and safety.
It successfully targets lung cancer cells to deliver DTX in a sustained, slow-release manner, ensuring prolonged tumor-killing effects.
As such, FA-DTX-APs hold immense promise as a novel nanoagent for lung cancer therapy.
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Introduction

Lung cancer stands as one of the most prevalent forms of malignant tumors worldwide, accounting for approximately
2.2 million new cases and claiming 1.8 million lives annually.! Chemotherapy, a cornerstone in its treatment, is
pervasively employed yet fraught with numerous detrimental side effects on patients’ bodies, particularly due to the
limitations imposed by the administration routes on the efficacy of chemotherapeutic agents.>> Among these agents,
Docetaxel (DTX), a paclitaxel derivative, is a commonly prescribed drug for lung cancer treatment. However, its clinical
performance is often hampered by non-selective distribution in the body, leading to undesired side effects.*> Thus, the
crux of DTX-based lung cancer therapy lies in enhancing its concentration within lung tumor cells-achieving targeted
delivery specifically to tumors. This strategy promises to maximize DTX’s therapeutic potential while minimizing its
toxicity and side effects in non-target tissues. In recent times, researchers have explored innovative DTX formulations,
including nanoparticles,® nanoliposomes,” pH-sensitive liposomes,® micelles,” and microspheres,'® to address the chal-
lenges of inadequate tumor targeting, solvent burden, and excessive drug dosing in conventional formulations. While
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these advancements have shown promise, they still grapple with significant limitations in optimizing DTX efficacy,
mitigating toxic side effects, and facilitating large-scale production.''* Consequently, the development of novel DTX
formulations that precisely target tumor sites holds immense significance, offering the potential to revolutionize lung
cancer treatment by enhancing drug delivery precision and safety.

Recent years have witnessed the proliferation of biomaterials, particularly polymer-based organic polymers, in
crafting nano drug carriers. These carriers offer superior molecular size control, enhanced permeability, and exceptional
biocompatibility and degradability, making them a prime focus for anti-tumor drug carrier research.'*'* Among them,
Polyethylene glycol (PEG) and Poly (L-lactide-co-glycolide) (PLGA) have secured FDA approval for clinical use.'>'®
PEG, a versatile polymer carrier, can be easily tailored at its termini and integrated with hydrophobic polymers to form
amphiphilic structures through block or graft polymerization, as well as surface functionalization, enabling active
targeting in nanomedicine.'>'® PLGA, a biodegradable hydrophobic polymer derived from lactic and glycolic acids,
degrades into harmless metabolites excreted naturally, ensuring non-toxicity and non-immunogenicity.'>'® By fusing
PEG and PLGA, PEG-PLGA copolymer carriers overcome their individual limitations. Acting as a matrix, PEG-PLGA
forms amphiphilic copolymer vesicles tailored to encapsulate drugs in either the hydrophobic shell or hydrophilic core.
These vesicles exhibit remarkable hematological stability, biocompatibility, and controlled release properties, broadening
their clinical applicability.">~!”

In recent years, albumin-based nanomaterials have been widely used in nanoparticle drug delivery systems due to
their diverse properties. Bovine serum albumin (BSA) is favored among these developed materials as an endogenous
protein with the following excellent properties:'®'”: 1) it is the most abundant protein in plasma with good biocompat-
ibility, biodegradability, and low toxicity; 2) it has many amino and carboxyl groups that can be used to link functional
ligands; 3) there are 17 disulfide bonds within the BSA molecule, which allow loading of drugs by cross-linking the
disulfide bonds; and 4) it has a half-life of up to 19 days. Albumin nanoparticles have attracted much attention in the
delivery of antitumor drugs due to their great potential for drug loading and biomedical applications.'® These albumin-
based nanoparticles show great advantages such as accumulating in tumor tissues through enhanced permeability and
retention (EPR) effects, prolonging the blood circulation time of antitumor drugs, and exhibiting biocompatibility
in vivo.??! However, problems such as poor tumor targeting and uncontrolled intracellular drug release of these
albumin nanoparticles still exist.'®**?' Therefore, how to further improve the tumor-targeting effect of these nanopar-
ticles and achieve effective intracellular anticancer drug release has become a series of crucial issues at present.

In general, nano-sized nanoparticles exhibit passive tumor-targeting effects through the EPR effect.**** However, the
EPR effect only leads to the accumulation of nanoparticles in tumor tissues, and the subsequent endocytosis of
nanoparticles is usually hindered due to the weak specific interaction with tumor cell membranes.’®** To address this
issue, nanoparticles can be further modified with functional ligands to obtain active tumor-targeting effects. Folic acid
(FA), which is considered to be a derivative of vitamin B, has a high affinity for the folate receptor (FR), which is
overexpressed in most types of tumor cells, including lung cancer.**%® Therefore, modification of folic acid has been
widely used in active tumor-targeted drug delivery systems because it enhances accumulation at the intended tumor site,
promotes intracellular internalization through folate receptor-mediated endocytosis, and thus increases the intracellular
therapeutic concentration of anticancer drugs.”*2*

In this study, we developed FA-DTX-APs modified albumin polyester nanocarriers encapsulating docetaxel (DTX)-
using PEG and PLGA as matrix materials and bovine serum albumin (BSA) as a backbone. These nanocarriers were
further functionalized with FR-targeting FA. Featuring optimal physicochemical and biological properties, FA-DTX-APs
enable localized, sustained, and controlled DTX release, effectively targeting and eradicating tumors. This innovative
nanoformulation holds great potential in lung cancer treatment and clinical translation.

Materials and Methods

A549, NCI-H1650, BEAS-2B, and HUVEC cells were sourced from Beijing Beina Chuanglian Biotechnology Institute.
Cell culture essentials including 1640 and DMEM media, PBS, FBS, and trypsin were obtained from Gibco. Chemicals
such as propionate, mPEG,00-OH, stannous octanoate, ethionate, solvents (DCM, ethanol, chloroform), and BSA were
purchased from Sigma, Beijing Chemical Industry Group, and Tianjin Hynes Biochemical Technology, respectively.
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DTX (Purity: 99.94%) was acquired from Chongqing Taimeng Pharmaceutical, while MTT kit and biochemical reagents
(NHS, EDC, FA, DAPI, FITC) were sourced from Beijing Chemical Factory, Murray (Shanghai) Biotechnology, Abcam,
and Aladdin. Apoptosis detection (Alexa Fluor 488) and biomarker assay (AST, ALT, BUN, Cr, CK, LDH, FA ELISA)
kits were procured from Invitrogen and R&D Systems (USA).

Preparation Process of Nanocarriers

A vacuum reaction flask was charged with 2 g of mPEG;(po-OH and subsequently dehydrated under vacuum at 120°C.
Then, 0.8 mg stannous octanoate, 0.32 g propanocarbonate, and 0.08 g ethanocarbonate were added. The reaction was
heated to 150°C under 70 Pa vacuum and magnetically stirred (500 r/min) for 24 hours (h). The product was dissolved in
dichloromethane, precipitated with ethanol, and dried under vacuum at 40°C to yield PEG-PLGA block copolymer. In
a 250 mL round-bottom flask, 2 g of BSA was dissolved in 2 mL ultrapure water. While stirring at 500 r/min (24°C),
ethanol was added slowly (0.5 mL/min) until complete. After 1 hour of stirring, 5 mL of a 1 g/mL PEG-PLGA
chloroform solution was added, and the mixture was stirred overnight (500 r/min, 24°C). The organic solvent was
removed by rotary evaporation, forming a polymer film. Further vacuum drying for 12 h removed residual solvent, and
50 mL PBS was added, followed by sonication (Power 27%, temperature 25°C, ultrasound 2 seconds, interval 1 second)
for 30 minutes and stirring (500 r/min) for 12 h to produce modified albumin polyester nanocarriers (APs). To 1 mL of
APs (200 mg/mL), 20 mg of DTX (0.1% Tween 80) was added and stirred (500 r/min) for 24 h. Dialysis (regenerated
cellulose, pore size 22 mm, MWCO 10KD) for 12 h yielded DTX-encapsulated APs (DTX-APs). To 1 mL of DTX-APs,
10 mg each of EDC and NHS coupling agents, along with 60 pug of FA, were added and stirred (500 r/min)
homogeneously at 4°C for 24 h to obtain FA-labeled DTX-APs (FA-DTX-APs) (Figure 1A). FA-DTX-APs were placed
at 4°C for storage.

Physicochemical Characterization and Morphological Observation of Nanocarriers

10 uL of the sample was diluted in 2 mL of ultrapure water, and the particle size and potential of the nanocarriers were
tested using a Malvern Nanoparticle Size and Zeta Potential Analyzer (Zetasizer Nano ZS) to test the change in the
particle size of the FA-DTX-APs over 24 h to examine their suspension properties in solution. Fourier transform infrared
spectroscopy (FTIR) was used to detect the FTIR spectra of the nanocarriers in the near-infrared region. The morpho-
logical features of the nanocarriers were observed using transmission electron microscopy (TEM).

Drug Release Performance Testing

The best absorption peak of DTX was determined by full wavelength scanning of DTX standard solution by ultraviolet
spectrophotometer (UV) spectrophotometer. Subsequently, we configured DTX standard solutions with concentrations of
2,5, 10, 20 and 50 pg/mL, tested the OD values using UV at a wavelength of 229 nm and plotted the standard curves
corresponding to the concentration and absorbance of DTX. The encapsulation efficiency, drug loading efficiency and
drug release profile of the drug were tested based on the standard curve of DTX. Encapsulation efficiency = (total amount
of DTX - amount of free DTX) / total amount of DTX % 100%. Drug loading efficiency = (total amount of DTX - amount
of DTX) / total amount of nanodrugs x 100%. FA-DTX-APs were centrifuged three times using ultrafiltration centrifuge
tubes of Amicon Ultra-4 with a molecular weight of 20 kDa to remove unencapsulated free drug. FA-DTX-APs and DTX
were dissolved in 0.1% Tween 80 PBS (pH = 7.4 and pH = 5.3) containing 0.1% Tween 80 PBS and placed in a constant
temperature shaker at 37°C. A set volume of samples was periodically removed and subjected to UV absorbance assay,
after which the tubes were supplemented with the same volume of PBS. The OD values were tested using UV at
a wavelength of 229 nm, the free drug content was calculated and the drug release profile of the nanodrugs was plotted.

Cytotoxicity Testing of Nanocarriers

HUVEC and BEAS-2B cells were cultured at 37°C in a 5% CO, incubator. HUVEC and BEAS-2B cells were counted
and added to 96-well plates (5x10%) and cultured for 24 h with a follow up medium change. Subsequently, different
concentrations of nanocarrier drugs (10, 50, 100, 200, and 500 pg/mL) were added, and the incubation was continued for
48 h. 20 uL MTT (5 mg/mL) (C0009S) was added to each well, and incubation was continued for 4 h. The medium was
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Figure | FA-DTX-APs preparation flow chart and animal experiment diagram. (A) Flow chart of the preparation of FA-DTX-APs; (B) Flow chart of animal experiments and
the action of FA-DTX-APs in animals.

Abbreviations: DTX, docetaxel; PEG, polyethylene glycol; PLGA, poly(L-lactide-co-glycolide); FA, folic acid; FR, folate receptor; APs, albumin polyester nanocarriers; DTX-
APs, DTX-encapsulated APs; FA-DTX-APs, FA-labeled DTX-APs; NHS, N-hydroxysuccinimide; EDC, |-(3-Dimethylaminopropyl)-3-ethylcarbodiimide.

aspirated and the precipitate was left behind. After adding 150 pL. DMSO to each well, it was placed on a shaker and
shaken uniformly for 10 min. The absorbance value of each well was detected at 490 nm using a microplate reader (BIO-
RAD 680) to calculate the cell viability. Cell viability (%) = (OD value of treatment group - OD value of blank group) /
(OD value of control group - OD value of blank group) x 100. The experiment was repeated three times for each group.

Effect of Nanomedicines on the Value-Added of Lung Cancer Cells
A549 and NCI-H1650 were counted and added to 96-well plates (5x10*) and incubated for 24 h (37°C, 5% CO,) and
then the medium was changed. After adding the nanocarrier drug and incubating for different times (3, 6, 12, 24 and

2106 e International Journal of Nanomedicine 2025:20



Yang et al

48 h). 20 uL MTT (5 mg/mL) was added to each well, and incubation was continued for 4 h. The medium was aspirated
and the precipitate was left behind. After adding 150 uL. DMSO to each well, it was placed on a shaker and shaken
uniformly for 10 min. The absorbance value of each well was detected at 490 nm using a microplate reader (BIO-RAD
680) to calculate the cell viability. Cytostatic rate (%) = (1 — (OD value of treatment group - OD value of blank group)) /
(OD value of control group - OD value of blank group) x 100. The experiment was repeated three times for each group.

Effect of Nanomedicines on Apoptosis of Lung Cancer Cells

A549 and NCI-H1650 were counted and added to 6-well plates (5x10°) and incubated for 24 h before changing the
medium. Nanocarrier drugs were added and co-incubated for 48 h, and the cells were collected by centrifugation at
1200 rpm for 4 min. Add 10 pL of propidium iodide reservoir solution (40301-B) and 10 pL of RNase A (40301-A)
solution to 0.5 mL of staining buffer (40301-C) and mix well for use. For each cell sample, 0.5 mL of configured
propidium iodide staining solution was added, and the cells were gently mixed and resuspended. Incubate for 30 min at
37°C away from light and analyze the assay using a flow cytometer (NovoCyte).

Uptake of Nanomedicines by Lung Cancer Cell

A549 and NCI-H1650 cells in logarithmic growth phase were inoculated in 12-well plates with coverslips at a cell
density of 2x10°/well and incubator at 37°C overnight. DTX was mixed with FITC at a certain molar ratio (1: 2) using
DMSO as solvent. The reaction was carried out at 4°C under light protection with continuous stirring for 12 h. The
unreacted FITC was removed after dialysis to obtain FITC-labeled DTX solution. The nanomedicine was mixed with
DiIC16 at a certain molar ratio (1: 2) using DMSO as solvent. The reaction was carried out at 4°C under light protection
with continuous stirring for 12 h. The unreacted FITC was removed after dialysis to obtain Dil-labeled nanodrug
solution. The fluorescently labeled groups of drugs were added to the cells and cultured for 12 h. After adding DAPI
staining for 10 min, the uptake of nanocarriers in the cells was observed using fluorescence microscopy.

Hemolytic Profile Testing of Nanomedicines

Mouse blood was collected by orbital blood sampling. Mouse blood was centrifuged at 2000 rpm for 10 min at 4°C,
plasma was removed, and erythrocytes were resuspended with ice PBS. 200 uL of nanocarrier drug at concentrations of
10-500 pg/mL were added separately and incubated for 4 h at 37°C in a thermostat. The OD of the samples at 570 nm
was measured by UV. Saline was used as the negative control and ultrapure water was used as the positive control.
Hemolysis rate (%) = (OD value of the sample to be tested - OD value of the negative control tube) / (OD value of the
positive control tube - OD value of the negative control) x 100.%

Antitumor Activity and Safety Evaluation of Nanomedicines in Mice

The animal study protocol was approved by the Experimental Animal Ethics Committee of Shanghai University
(approval No. EAECSHU2023-0188) and performed following the Guide for the Use and Care of Laboratory
Animals. Twenty-four BALB/c female nude mice were purchased from Shanghai Slaughter Laboratory Animal
Co. After one week of acclimatization, the mice were tumor-bearing by subcutaneous injection of 0.1 mL (1 x 10’
cells/mL) of A549 cells for 12 days and were randomly divided into the control group (NC), DTX-treated group,
DTX-APs-treated group, and FA-DTX-APs-treated group, with 6 mice in each group. Drug treatment was adminis-
tered by tail vein injection every other day from day 12 onwards, and the drug was continuously administered six
times at a dose of 4 mg/kg (Figure 1B). After the injection of drug treatment, the tumor volume was weighed and
measured every other day to calculate the tumor suppression rate, and the positivity of FA-positive cells in the tumor
tissue was detected by FA ELISA antibody kit. Tumor inhibition rate = 1 - (tumor mass/animal mass (experimental
group)) / (tumor mass/animal mass (control group)). To further verify the in vivo biosafety of the drug, further
serum biochemical indexes were examined at the end of the treatment, specifically: AST, ALT, BUN, Cr, CK, LDH,
which were performed according to the instructions of the kit. The specific test method of the kit is as follows:
Blood is centrifuged (3000 rpm) for 20 min and serum is collected. Prepare experimental standards, reagents and
samples, add 50 uL of samples to each well and incubate at 37°C for 30 min. Wash the plate 5 times and add 50ul of
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enzyme reagent, incubate at 37°C for half an hour. After washing the plate 5 times, add 50 puL of color development
solution A and B each, and incubate at 37°C for 15 min to develop the color. Finally, 50 uL of termination solution
was added, followed by measuring the absorbance of each well at 450 nm. In addition, the livers, hearts, spleens,
and kidneys of the mice in each group were removed and stained with hematoxylin-eosin (HE) to observe the
changes.

Statistical Analysis

All data are expressed as mean (X) + standard deviation (S). All statistical data were repeated three times for the test.
Significance of differences was tested using one-way ANOVA and paired t-tests. The analysis software was Graph Pad
Prism 8.0.2, where * P < 0.05 means the difference is statistically significant; ** P < 0.01 means statistically
significant.

Results

Physicochemical Characterization and Morphological Analysis of Nanocarriers

The particle size of FA-DTX-APs was 223.65 + 6.83 nm, and the PDI was 0.172 £ 0.021 (Figure 2A). Zeta
potential of FA-DTX-APs was 26.76 £ 3.15 mv (Figure 2B). The particle size increased with the increase of DTX
drug content, and the particle size no longer increased when the mass ratio of DTX drug to APs was 1:10, and the
PDIs were all less than 0.2 (Figure 2C and D). There was no significant increase in the potential with the increase
of DTX drug content (Figure 2E). The particle size decreased slowly but without significant difference in the FA-
DTX-APs solution during 24 h of standing, the particle sizes were all above 200 nm, and there was no significant
change in the PDI, which indicated that the suspension properties of the FA-DTX-APs was good (Figure 2F and
G). The results of the FTIR test showed that the particle sizes of the DTX drug and the APs were higher than 200
nm at 1450—-1470 cm ' and 1630-1760 cm ', which correspond to the absorption bands of methyl group and those
belonging to the carbonyl group due to the carbonyl stretching, were found as typical absorption peaks. Between
the absorption bands at 2850-2920 cm ', a smaller absorption peak appeared for APs and DTX, and two
absorption peaks appeared for both FA-DTX-APs and DTX-APs with a significant enhancement of the absorption
peaks, suggesting that DTX had been successfully encapsulated into the APs (Figure 2H). TEM observed that FA-
DTX-APs were well dispersed without agglomeration and characterized by vesicles (Figure 2I).

Encapsulation Efficiency and in vitro Drug Release of Nanomedicines

The UV scanning curve showed the best UV absorption peak of DTX at 229 nm (Figure 3A). The linear regression of
DTX concentration on absorbance showed a good linear relationship with the regression equation: y = 0.0296x + 0.1409,
R? = 0.9998 (Figure 3B). The results of the encapsulation efficiency test showed that when the ratio of DTX: APs was
less than 1:10, the encapsulation efficiency did not change significantly, but with the increase of DTX, the encapsulation
efficiency of DTX was gradually decreasing (Figure 3C). The results of the drug loading efficiency test showed that when
the ratio of DTX: APs was less than 1:10, the drug loading efficiency gradually increased, but with the increase of the
proportion of DTX, the drug loading efficiency of DTX was gradually stabilized (Figure 3D). Therefore, 1:10 was the
optimal mass ratio of DTX to APs, in which both encapsulation efficiency and drug loading efficiency could be
optimized, with an encapsulation efficiency of (96.19 + 3.27)% and a drug loading efficiency of (9.75 £ 0.38)%
(Figure 3C and D). In a neutral environment with pH 7.4, the cumulative release rate of DTX reached more than 8§0%
at 2 h, whereas the cumulative release rate of FA-DTX-APs was (61.6 + 3.58)% at 24 h (Figure 3E), indicating that the
FA-DTX-APs possessed a significant drug slow release property. In an acidic environment with pH 5.4, the cumulative
release rate of DTX reached more than 80% at 4 h, whereas the cumulative release rate of FA-DTX-APs was (73.6 £+
3.65)% at 24 h (Figure 3F). This indicated that FA-DTX-APs not only possessed obvious drug slow-release properties,
but also had the pH-responsive characteristics, which were capable of accelerating the release of the drug in an acidic
environment.
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Figure 2 Physicochemical characterization tests of nanocarriers. (A) Particle size distribution of FA-DTX-APs; (B) Potential distribution of FA-DTX-APs; (C) Particle size
test of different nanocarriers; (D) PDI of different nanocarriers; (E) Potential test of different nanocarriers; (F) Particle size test of FA-DTX-APs after different time of
resting; (G) PDI of FA-DTX-APs after different time of resting; (H) Nanocarriers FTIR test; (I) TEM test of FA-DTX-Aps. All experiments were repeated three times.

Analysis of Biological Properties of Nanomedicines

There was no significant difference in the toxicity of nanocarriers to HUVEC and BEAS-2B cells within the range
of safe use concentration (< 100 pg/mL), with cell survival above 90%, and the cytotoxicity of APs, DTX-APs, and
FA-DTX-APs was significantly increased when the nanocarriers were used at a concentration > 200 pg/mL
(Figure 4A and B). Compared with the DTX group, APs had no inhibitory effect on A549 and NCI-H1650 cells,
and DTX-APs and FA-DTX-APs had obvious value-added inhibitory effects on A549 and NCI-H1650 cells, and the
value-added inhibitory effects on lung cancer cells were more pronounced due to the ability of FA-DTX-APs to
recognize lung cancer cells by targeting (Figure 4C and D). The results of apoptosis experiments showed (Figure 4E
and F) that APs did not affect the apoptosis rate of A549 and NCI-H1650 cells, and their late apoptosis rates on
cells were all within 5%. Compared with DTX and DTX-APs, FA-DTX-APs could significantly promote apoptosis
in A549 and NCI-H1650 cells.
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Figure 3 Encapsulation efficiency test and in vitro drug release test. (A) UV scanning curves of DTX; (B) Standard curves of DTX; (C) Encapsulation efficiency test after
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Analysis of Lung Cancer Cell Uptake of Nanomedicines and Hemolysis of Nanomedicines
Lung cancer intracellular uptake experiments showed (Figure 5SA and B) that FA-DTX-APs could be effectively taken up
by lung cancer cells due to its ability to target recognition of lung cancer cells, thus efficiently entering into A549 and
NCI-H1650 cells. The results of hemolysis experiments showed that when the erythrocyte suspension was added to
water, red hemolysis was seen in the supernatant after centrifugation, indicating that hemolysis reaction occurred; on the
contrary, adding different concentrations of FA-DTX-APs solutions of 10-500 pg/mL to the erythrocyte suspension did
not cause obvious hemolysis, and the supernatants were all transparent (Figure 5C). Measuring the absorbance of the
supernatants with an enzyme marker, it can be found that the supernatants did not change significantly after the addition
of FA-DTX-APs, and none of the hemolysis rates exceeded 5%, indicating that the erythrocytes were not ruptured
(Figure 5D). This also confirms that FA-DTX-APs can well maintain the intact structure of erythrocyte membrane when
it interacts with the erythrocyte membrane and has good biocompatibility.
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Figure 4 The effects of nanocarriers on cell toxicity, proliferation and apoptosis were examined by cellular assays. (A) Toxicity of nanocarriers on HUVEC cells; (B) Toxicity
of nanocarriers on BEAS-2B cells; (C) Proliferative effects of nanocarriers on A549 cells; (D) Proliferative effects of nanocarriers on NCI-H1650 cells; (E) Apoptotic effects
of nanocarriers on A549 cells; (F) Apoptotic effects of nanocarriers on NCI-H1650 cells. * P < 0.05, ** P < 0.01. All experiments were repeated three times.

Evaluation of Anti-Tumor Activity of Nanomedicines in Mice
The weight change curve of the mice showed (Figure 6A) that the mice in the free DTX group, after administration of the
drug, showed a significant decrease in body weight, and by the end of the treatment, the average weight of the DTX mice
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Figure 5 Lung cancer intracellular uptake effect and hemolysis test of nanocarriers. (A) Uptake of nanocarriers by A549 cells; (B) Uptake of nanocarriers by NCI-H 1650
cells; (C) Hemolysis experiments with different concentrations of nanocarriers (37°C); (D) Hemolysis rate statistics with different concentrations of nanocarriers (37°C).

was about (17.62 + 0.68) g, which was statistically different from the post-treatment body weight of the DTX-APs and
the FA-DTX-APs (P < 0.05). The weight loss was considered to be due to the digestive system toxicity of DTX. There
was no significant change in body weight before and after treatment with DTX-APs and FA-DTX-APs, which further
verified that the nanocarriers were more protective against the drug and the nanocarrier drug had less nonspecific
distribution and fewer toxicities compared with conventional DTX. The statistical results of tumor volume changes and
tumor inhibition rate showed (Figure 6B-D) that DTX, DTX-APs and FA-DTX-APs all had obvious anti-tumor effects
after treatment, but FA-DTX-APs had the best anti-tumor effect and the rate of FA-positive cells in tumor tissues was
obviously the least after treatment. It indicated that the nanocarriers were able to recognize FA-positive lung cancer
tumor cells after being modified by FA, which further enhanced the anti-tumor effect of FA-DTX-APs.

Safety Evaluation of Nanomedicines in Mice

The assessment of liver function impairment showed (Figure 7A and B) that ALT and AST were mildly increased to
varying degrees in all groups after drug treatment, more significantly in DTX, but there was no statistically significant
difference between the groups. The assessment of renal impairment showed (Figure 7C and D) that BUN was mildly
increased in all groups after drug treatment, with DTX being more significant, but there was no statistically significant
difference between the groups, and there was no significant effect of drugs on creatinine in all groups. Assessment of
cardiac impairment showed (Figure 7E and F) that CK and LDH were mildly increased in all groups after drug treatment,
more significantly in DTX. At the end of the treatment, HE staining was taken from the heart, liver, spleen and kidney of
the mice, and no obvious macromolecular deposition was seen, and no obvious tissue structure destruction disorder was
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Figure 6 Study on antitumor activity of nanocarriers in vivo. (A) Changes in body weight of mice during treatment with nanocarrier drug; (B) Changes in tumor volume
during treatment with nanocarrier drug; (C) Changes in the rate of FA-positive cells in tumor tissues at the end of treatment; (D) Tumor inhibition rate at the end of
treatment. ** P < 0.01. All experiments were repeated three times.

observed, which was not significantly different from that of the control group (Figure 7G). It was further verified that
DTX after encapsulation by nanocarriers had relatively little effect on the organs and was biosafe.

Discussion
Lung cancer stands as one of the most prevalent cancers, with non-small cell lung cancer accounting for approximately
80% of all lung cancer cases.”® While the non-selective distribution of these drugs within the body, inadvertently
damages normal tissues, leading to toxic side effects across various physiological systems.®' * These adverse effects
significantly constrain the clinical application of chemotherapeutic drugs. Moreover, despite their potent anti-tumor
activity, certain chemotherapeutic agents are hindered by their hydrophobicity or short metabolic half-life, necessitating
enhancements in their pharmacokinetics to optimize therapeutic outcomes.>*>> By encapsulating drugs within nanocar-
riers for in vivo delivery, this innovative approach augments drug stability, enhances tissue penetration, and precisely
regulates drug distribution and release kinetics within the body. Consequently, it significantly improves drug bioavail-
ability, paving the way for more effective and safer lung cancer treatments.*®’

Currently, FDA has granted approval for over 900 nano-anti-tumor drugs to proceed into clinical trials, yet only
a handful have successfully transitioned to the market for clinical use.*® While some of these drugs’ side effects can be
mitigated, they remain unavoidable, and the nano-anti-tumor drugs under development have yet to fulfill our aspirations
for safe, efficient, and low-toxicity therapeutic outcomes.’®*° PLGA, a biodegradable functional polymer organic
complex, boasts improved compatibility, non-toxicity, excellent encapsulation capabilities, and film-forming
properties.'> 7 Albumin, on the other hand, exhibits a remarkable ability to bind with a wide array of drugs and
bioactive agents, including chemotherapeutic drugs and antibiotics, in vivo, and possesses a prolonged half-life and
robust stability.'®'? Furthermore, PEG, a commonly employed polymer carrier, can modify nanocarriers like liposomes,
albumin, and PLGA, enhancing their water solubility.41
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Unlike our previous focus on studying PEG-functionalized liposomes as a novel drug delivery system to meet the
requirements of respiratory administration,*” in this study, we have developed a novel folate-targeted modified albumin
polyester nanocarrier, FA-DTX-APs, which utilizes folate as the targeting molecule to achieve precise targeted delivery
to lung cancer cells, thereby enhancing the targeting efficiency and therapeutic effects of chemotherapy drugs, including
Docetaxel (DTX). FA-DTX-APs exhibit long-lasting slow-release characteristics, especially accelerated release in acidic
environments, which helps to more effectively release drugs in the tumor microenvironment while reducing nonspecific
distribution of drugs in normal tissues and reducing side effects. Experimental results show that FA-DTX-APs can
efficiently recognize and enter lung cancer cells, significantly inhibit the growth of lung cancer cells, and demonstrate
superior anti-tumor effects compared to traditional drug delivery methods. This innovative approach aims to address the
limitations of current nanomedicines and pave the way for more effective and safer anti-tumor treatments.

Nanomedicine delivery systems have been widely studied in oncology therapy for their ability to improve the
pharmacokinetic behavior of drugs, target delivery of active drug ingredients to the lesion, and control drug release.
Alassaif et al*’ synthesized nanodrugs using chitosan and PLGA composite microspheres as a carrier for carboplatin,
which were uniformly spherical in shape, with a particle size of about 156 nm, had a high encapsulation efficiency and
could maintain stability for a long period of time, and had a higher therapeutic efficacy against PEO1 cells. Wlodarczyk
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et al** prepared a PLGA nanomedicine encapsulated with carboplatin, which was spherical in shape, uniform in size,
with an average particle size of 110 nm, remained stable in serum, and showed pH-dependent PEG breakage and drug
release properties, which resulted in greater efficacy against ovarian cancer cells. Zhu et al* prepared PLGA nanodrugs
encapsulated with dual drugs, which were uniform in size, regular in morphology, spherical in shape and had an average
particle size of 637.4 nm, which could specifically target ovarian cancer cells and significantly inhibit the growth of
transplanted tumors. Paswan et al*® used hyaluronic acid as a ligand to actively target CD44 receptors on the surface of
breast cancer cells and synthesized PLGA-PEG coupling, which had a spherical shape, smooth surface, and a particle
size of 294.8 nm, and possessed the characteristics of active targeting and delivery, which could improve the anti-breast

cancer effect of the drug and reduce the toxic and side effects. Igbal et al*’

used albumin as a tumor homing agent
targeting breast cancer to prepare nanomedicine, which was spherical in shape with an average particle size of 120.5 nm,
with a narrow particle size distribution, high drug loading capacity, high encapsulation efficiency, pH-responsive
controlled release and active targeted drug delivery, and was able to significantly inhibit the growth of tumor cells.
The results indicated that FA-DTX-APs exhibited superior physicochemical characteristics, including enhanced
dispersibility, suspension properties, and a precise particle size of 223.65 + 6.83 nm, facilitating efficient cellular
uptake.*® In addition, when the mass ratio of DTX to AP reached 1:10, the particle size of FA-DTX-APs no longer
increased, which was because the encapsulation efficiency of DTX had reached saturation, and continued encapsulation
of DTX might lead to the rupture or fusion of nanomedicines. Their positive charge facilitated electrostatic interactions
with negatively charged cell membranes, boosting drug delivery efficiency.*” Both FAM and TEM imaging confirmed the
vesicular morphology and uniform dispersion of FA-DTX-APs, corroborating DLS measurements. As PH-responsive
nanocarriers, FA-DTX-APs remained structurally stable in normal tissues but swiftly released the drug in the acidic
tumor microenvironment due to weakened drug-carrier interactions.’® This pH-sensitivity accelerated drug release,
leveraging the lower pH of tumor tissues as a stimulus for controlled delivery. The use of FA-DTX-APs in the
concentration range of 10—100 pg/mL did not result in a statistically significant dose-dependent decrease in cell viability,
and the cell survival rates were all higher than 90%. This indicates that PLGA-PEG nanoparticles have good biocompat-
ibility and can be used as carriers in this concentration range. Typically, preparations with cell survival above 80% are
considered safe. Therefore, we used 100 pg/mL as the safe use concentration for subsequent experimental studies.”’
Cellular value-added experiments showed that the cytotoxic effects of DTX dominated when DTX was encapsulated in

2428 enhanced

APs. In addition, FA-DTX-APs active targeting of folate receptor (FR)-overexpressed lung cancer cells
cellular uptake and markedly inhibited lung cancer cell proliferation while promoting apoptosis. FA-DTX-APs also
showed excellent biocompatibility, with a hemolysis rate below 1%, adhering to the medical standard of < 5%.°% Notably,
the observed weight loss in mice treated with DTX alone was attributed to gastrointestinal toxicity, a common side effect
of traditional chemotherapeutics.”>>* In contrast, FA-DTX-APs displayed superior antitumor efficacy with minimal
organ damage, as evidenced by serum biochemical analyses, indicating improved biosafety over unconjugated DTX.
Collectively, these findings underscore the immense potential of FA-DTX-APs as an effective and safe antitumor drug for
lung cancer treatment, holding promising clinical translation prospects.

Although FA-DTX-APs have numerous advantages as drug carriers, there are still some urgent problems to be solved.
On the one hand, there is still no complete biosafety evaluation system for FA-DTX-APs, especially the evaluation of
in vivo biological effects is still in the primary stage, and more in vivo and in vitro evaluation experiments need to be
added in the future and the experimental sample size needs to be increased for validation. On the other hand, we
preliminarily confirmed that FA-DTX-APs have pH-responsive drug release kinetic properties, but more mechanistic
support is needed, and more experiments and subgroups need to be designed in the future to jointly study the cumulative
release of the drug in vitro with the antitumor activity in vivo. Finally, the specific process of absorption, distribution, and
metabolism of FA-DTX-APs in vivo is still unclear, and more experiments such as pharmacokinetics and biodistribution
need to be designed in the future, as well as comparative studies with other more advanced lung cancer nanodrugs. In
conclusion, our results demonstrate the efficacy of albumin nanocarrier-based drug delivery systems for lung cancer
treatment and are believed to be tested in preclinical and clinical settings in the near future to develop an alternative cost-
effective lung cancer treatment.
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Conclusions

In this investigation, we devised a folate acid (FA)-targeted modified albumin polyester nanocarrier encapsulating
docetaxel (DTX). Boasting an impressive encapsulation efficiency, drug loading capacity, and excellent biocompatibility,
the nanocarrier facilitates continuous, controlled release of DTX directly to tumor sites, ensuring safe and efficient
eradication of cancer cells. This promising nanoformulation holds significant potential for lung cancer treatment,
representing a crucial advancement in the quest for effective therapeutic strategies against this devastating disease.
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