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Background: Bufalin (BFL, an active anti-tumor compound derived from toad venom) is limited in its application due to high
toxicity and rapid metabolism of the cardiotonic steroid. Ester prodrug self-assembly nanoparticles have shown significant improved
effects in addressing the above-mentioned issues.

Methods: An ester bond was formed between linoleic acid and bufalin to synthesize linoleic acid-bufalin prodrug (LeB). The self-
assembly nanoparticles (LeB-PSNs) containing different mass ratios of DSPE-PEG2k and prodrug (6:4, 7:3, 8:2, 9:1 and 10:0) were
prepared via co-precipitation method and defined as 6:4-PSNs, 7:3-PSNs, 8:2-PSNs, 9:1-PSNs and LeB-PSNs, respectively. Further,
the characterization (particle size, zeta potential, surface morphology and stability) of the nanoparticles was carried out. Finally, we
evaluated the impact of different ratios of DSPE-PEG2k on the hydrolysis rate, cytotoxicity, cellular uptake, cell migration and
proliferation suppression potential of the prodrug nanoparticles.

Results: The linoleic acid-bufalin prodrug (LeB) was successfully synthesized. Upon the addition of DSPE-PEG2k at different weight
ratios, both particle size and polydispersity index (PDI) significantly decreased, while the zeta potential increased remarkably. No
significant differences in particle size, PDI and Zeta potential were observed among the 9:1, 8:2 and 7:3 PSNs. Notably, the 8:2 (w/w)
DSPE-PEG2k nanoparticles exhibited superior stability, hydrolysis and cellular uptake rates, along with efficient cell cytotoxicity, cell
migration and proliferation suppression.

Conclusion: These findings indicate that DSPE-PEG2k could improve the performance of BFL prodrug nanoparticles, namely
enhancing stability and achieving adaptive drug release by modulating the hydrolysis rate of esterase. This study therefore provides
more opportunities for the development of BFL application.

Keywords: bufalin, prodrug nanoparticles, DSPE-PEG2k, esterase hydrolysis rate

Introduction

Bufalin (BFL), a naturally occurring compound derived from the venom of the Chinese toad, has been widely explored
for its clinical potential in the treatment of various types of cancers, including liver, stomach, lung, colorectal,
esophageal, pancreatic cancer, and acute leukemia.' In vitro studies have demonstrated that BFL exhibits over multiple
times greater anticancer efficacy compared to clinical anticancer drugs such as paclitaxel, doxorubicin, and vinblastine
while exhibiting relatively lower toxicity towards normal cells. The anticancer mechanism of BFL involves the
modulation of multiple signaling pathways, including PI3K/Akt, NF-xB, and Wnt, thereby culminating in suppression
of tumor cell growth and metastasis.” ® Additionally, BFL exerts its antitumor effects through mechanisms such as cell
cycle regulation, angiogenesis inhibition, and immune modulation.”'® Furthermore, bufalin could reverse different tumor

cell resistance through multiple mechanisms and have a good synergistic therapeutic effect with other clinical
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chemotherapy drugs such as cisplatin, paclitaxel, sorafenib and gefitinib.'''* Bufalin could enhance paclitaxel-induced
apoptosis in breast cancer MCF-7 cells by partially inhibiting AKT activation induced by paclitaxel and upregulating the
activity of p38."

However, it is important to note that BFL is known to possess inherent cardiotoxicity, wherein it induces arrythmias at
increased dosages'* and limits its clinical use.'” In addition, problems such as rapid metabolism and low tumor delivery
rate of BFL can also affect the effectiveness of its antitumor effect.'® Therefore, addressing challenges such as reducing
toxicity, improving drug delivery, and enhancing bioavailability are critical for further development and clinical
application of BFL.

Ester prodrug design represents a crucial strategy in drug development, offering broad potential for enhancing drug
efficacy and safety.'” This approach finds extensive application prospects in pharmaceutical research, thus aiming to
mitigate drug toxicity and achieve controlled release of the active compound.'®'® It is said that when a drug is converted
into an ester precursor form, its inherent activity is suppressed until specific enzymatic catalysis triggers its transforma-
tion into the active drug within the body.>® This controlled release mechanism minimizes adverse effects on healthy
tissues, thereby reducing the risk of drug toxicity.”' Additionally, ester prodrug design holds promise for improving the
pharmacokinetic properties of drugs.>> Addressing challenges such as premature hydrolysis of the ester precursor within
the body and ensuring selective release of the drug in tumor cells are essential considerations.”® Overall, incorporation of
ester prodrug design in drug development provides avenues to optimize drug performance and expand therapeutic
capabilities.
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In order to address issues associated with ester prodrugs, researchers have employed prodrug self-assembling
nanotechnology.>* Prodrug self-assembling nanodelivery is a “self-loading and self-delivering” high-capacity delivery
system. Nonetheless, the hydrophobic nature of the linoleic acid ester bond-prodrug nanoparticles can lead to rapid
clearance in vivo.?* Indeed, PEGylation with DSPE-PEG2k is necessary to enhance the stability and circulation time of
ester prodrugs in vivo. However, preliminary findings suggest that the presence of DSPE-PEG2k also has significant
impact on esterase activity and the hydrolysis rate of ester prodrugs. Therefore, this study prepared linoleic acid ester
bond-bufalin prodrug/DSPE-PEG2k self-assembly nanoparticles (LeB/DSPE-PEG2k-PSNs) with varied mass ratios (6:4,
7:3, 8:2 and 9:1) and investigated the differences in stability and hydrolysis rates among various prepared LeB/DSPE-
PEG2k-PSNs, as well as their effects on cell proliferation, uptake, migration, and invasion. These findings may provide
valuable insights for the clinical application of BFL ester prodrugs.

Materials and Methods

Materials

The BFL was purchased from Baoji Biotechnology Co., Ltd, (Shanxi, China). Aladdin Industrial Corp., (Shanghai,
China) provided 4-dimethyl-aminopyridine (DMAP), acetic anhydride and dicyclohexyl-carbodiimide (DCC), while
AVT pharmaceutical Co. Ltd. (Shanghai, China) supplied 1, 2-distearoyl-sn-glycero-3-phospho-ethanol-amine
-N-[methoxy-ethylene-glycol)-2000] (DSPE-PEG2k). We obtained dithiodiglycolic acid, linoleic acid and ethylene
glycol from MACKLIN Scientific Co., Ltd. (Shanghai, China). Invitrogen (Carlsbad, CA, USA) supplied Dulbecco’s
Modified Eagle’s medium (DMEM) and fetal bovine serum (FBS), while Sinopharm Chem. Reagent Co. Ltd. (Shanghai,
China) provided acetonitrile and methanol (chromatographically pure). Human esophageal cancer cell (KYSE-150) and
healthy epidermal epithelial cells (HEEC) were purchased from Bena Culture Collection (Suzhou, China).

Synthesis and Characterization of LeB Prodrug

A mixture of linoleic acid (28 mg, 0.1 mmol), DCC (24 mg, 0.12 mmol), DMAP (15 mg, 0.13 mmol), and BFL (50 mg,
0.1 mmol) was dissolved in anhydrous dichloromethane (6 mL). The reaction mixture was stirred under sealed conditions
for 24 hours. After filtration, the reaction solution was purified through silica gel column chromatography, using an
elution ratio of dichloromethane/methanol (30/1, v/v). A white solid was obtained (30 mg), which corresponded to a yield
of 40.3%. The target product was characterized and confirmed via nuclear magnetic resonance (NMR) spectroscopy
(AVANCE III HD, Bruker, Switzerland) and mass spectrometry (MS, Agilent 1290-6545, Agilent, USA).

Preparation of PSNs

In brief, we followed these steps to prepare nanoparticles using a one-step nanoprecipitation method.?® Firstly, the LeB
prodrug was mixed with anhydrous ethanol to prepare a solution with a total concentration of 10 mg/mL. Under stirring
conditions, 400 pL of the prodrug anhydrous ethanol solution was slowly added dropwise into 4 mL of double-distilled
water. The ethanol was then removed by rotary evaporation, followed by the addition of water to bring the final volume
to 4 mL, thus resulting in the formation of self-assembled nanoparticles of LeB prodrug (LeB-PSN). The same method
was applied to produce LeB/DSPE-PEG2k prodrug self-assembled nanoparticles with varied mass ratios (6:4, 7:3, 8:2
and 9:1). The only difference is that varying proportions of DSPE-PEG2k were added to the LeB anhydrous ethanol
solution. These compositions were, respectively, defined as 9:1-PSN, 8:2-PSN, 7:3-PSN and 6:4-PSN.

Characterization of PSNs

Particle size and zeta potential are measured using a dynamic light scattering-based nanoparticle size analyzer (Malvern
particle size and zeta potential analyzer, Malvern, Britain). Dilution of the prepared nanoparticles to a concentration of
0.2 mg/mL was carried out with ultrapure water. Later on, we carried out appropriate analysis, namely determination of
the intensity distribution, polydispersity index (PDI) and zeta potential. Transmission electron microscopy (TEM, JEM-
1400, JEOL, Tokyo-Japan) was utilized to examine the size and surface morphology of the nanoparticles. Aliquot of
diluted nanoparticles (0.1 mg/mL) was deposited onto a copper grid, followed by infrared drying. Subsequently,
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a phosphotungstic acid-negative staining solution was applied for 1 minute, while excess stain was removed. After air-
and static drying, the copper grid was examined under the TEM to observe and document the morphological features of
the nanoparticles. The determination of critical micelle concentration (CMC) was described in the Supplementary
Material 1.

Stability Analysis of PSNs

The colloidal stability of the synthesized nanoparticles was assessed over an extended period using a two-step method.
Firstly, the long-term colloidal stability was examined in water at a temperature of 4°C and 25 °C, over a duration of 30
days. Additionally, we evaluated the nanoparticles’ stability in phosphate-buffered saline (PBS, pH=7.4) over a shorter
timeframe of 24 hours at a temperature of 37 °C. At predetermined time intervals, we determined the size of the
nanoparticles under the same conditions as described in section 2.4.

In vitro Release Evaluation

The in vitro release of BFL from PSNs was studied using pH=7.4 PBS as the release medium at 37 °C, with or without
50 U pig liver esterase. The PSNs (0.5 mL, 1 mg/mL) were placed in a 9.5 mL of release medium. Samples (0.2 mL)
were collected at specific time intervals (0, 0.5, 1, 3, 6, 12, 24 and 48 hours). Analysis of each collected sample was
performed with high performance liquid chromatographic (HPLC) technique at every time point by mixing the sample
with 0.6 mL of methanol. Afterwards, we calculated the cumulative release percentage on the basis of ratio of BFL
released to theoretically loaded amount in PSNs.

Evaluation of Cell Viability of PSNs

The cell viability of PSNs on KYSE-150 cells was evaluated using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay for 72 hours, following a previously described method by Zhang et al.?’
Specifically, we treated KYSE-150 cells with 100 pL of culture medium comprising varied drug samples (free BFL
and various PSNs) at various concentrations (0.5, 1, 5, 10, 25, 50, 100, 200 and 400 nM). Afterwards, we calculated the
rate of cell viability through the following equation: VR (%) = A/Al x 100%, wherein A represents treated group

absorbance and A1l denotes vehicle control group absorbance.

Evaluation of in vitro Cell Uptake of PSNs

The cell uptake of PSNs was evaluated using fluorescence microscopy after we have incorporated the fluorescent dye
coumarin-6 (C-6). Seeding of KYSE-150 cells was performed in 6-well plates at 1 x 10° cells/well density before
incubation in DMEM medium which has been supplemented with FBS (10%), penicillin (100 U/mL), and streptomycin
(100 pg/mL). Pre-incubation was performed for 24 hours, after which we washed the cells before incubation for 0.5 or 3
hours with either C-6@PSNs or free C-6 solution (comprising 0.1% Tween 80), wherein the dosage forms contained an
equivalent C-6 concentration (50 ng/mL). After incubation, we used ice-cold PBS (pH=7.4) to wash the cells thrice. Later
on, we, respectively, fixed the cells and stained their nuclei with DAPI. Observation of the cells with a fluorescence
microscope (DMi8, Leica, Germany) was carried out after we have further washed them with PBS.

Cell Scratch Assay

First, we seeded KYSE-150 cells in a 6-well plate at 1 x 10° cells/well density, thereby allowing them to form a fully
confluent monolayer. Then, a sterile 10 pL pipette tip was used to create a linear scratch or wound on the cellular
monolayer, which generated a gap. After scratching, the cells were gently washed three times with PBS solution to
remove any debris or detached cells. Next, the cells were cultured in wells with serum-free medium containing free BFL
(13 nM) or different nanoparticles (PSNs, 13 nM, the equivalent dose for BFL). The cells were further cultured for 24
and 48 hours, before we observed and captured the migration distance of cells in varied groups.
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Migration and Invasion Assay

In the migration assay, we suspended KYSE-150 cells (2 x 10° cells/well) in serum-free DMEM prior to addition to
upper chamber of a Transwell plate with 8 um pores. Afterwards, PBS, BFL and different PSNs treatments were added at
a final concentration of 13 nM. The lower chamber was filled with DMEM containing 10% FBS. Later, the plate was
incubated in a cell culture incubator for 48 hours. After removing the insert, the membrane was carefully detached and
fixed. Crystal violet staining was performed, while the migrated cells were counted under a microscope in at least three
randomly selected fields. The cell count was averaged for each field. Based on the migration assay protocol, we
performed the invasion assay using Matrigel-coated Transwell inserts.

The Pharmacokinetic Analysis in Rats
The methods of pharmacokinetic analysis in rats were provided in Supplementary Material 1.

Statistical Analysis

Analysis was performed using GraphPad Prism 10.1.2 software. Statistical analysis between groups was performed using
two-tailed Student’s #-test and one-way ANOVA, where ns indicates no significance, P < 0.05 was considered statistically
significant, whereas p < 0.01 was regarded as highly significant.

Results and Discussion

Synthesis and Structure Confirmation of LeB Prodrug

The LeB prodrug was synthesized through an esterification reaction between BFL and linoleic acid (Figure 1A). The
structure of the LeB prodrug was confirmed by NMR and MS analysis. The chemical formula of the target compound
LeB prodrug is C4,He4Os. ESI-MS (-): m/z: 693.4720 [M+HCOO]-(Figure S1) "H-NMR (400 MHz, CDCl5): 7.86 (1H,
dd, J=9.7, 2.6), 7.25 (1H, d, J=9.0), 6.26 (1H, dd, J=9.7, 0.7), 5.47-5.25 (4H, m), 5.23-4.86 (1H, m), 2.84-2.58 (2H, m),
2.54-2.41 (1H, m), 2.36-1.99 (8H, m), 0.96 (3H, s, H-19), 0.89 (3H, t, LA-CH3), 0.70 (3H, s, H-18) > C-NMR (400
MHz, CDCl;): 173.36, 162.42, 148.53, 146.89, 130.20, 130.01, 128.03, 127.89, 122.75, 115.25, 85.26, 77.38, 77.27,
77.07, 76.75, 70.04, 51.21, 48.36, 42.29, 40.84, 36.89, 35.82, 35.14, 34.79, 32.75, 31.51, 30.51, 30.46, 29.59, 29.33,
29.19, 29.14, 29.11, 28.74, 27.18, 26.41, 25.62, 25.11, 25.08, 23.76, 22.56, 21.41, 21.29, 16.54, 14.08. The changes in
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Figure | The synthetic route and nuclear magnetic resonance (NMR) characterization of the prodrug. (A) Schematic representation of the synthesis route of the prodrug.
NMR spectra of the prodrug, including the hydrogen spectrum (B) and the carbon spectrum(C).
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chemical shift of H3 and C3 in BFL structure indicate that the prodrug was synthesized through the esterification reaction

between linoleic acid and BFL at the C3-OH group (Figure 1B and C). Hence, we affirmed successful synthesis of the
prodrug with the above results.

Physical Characterization of LeB-PSN and LeB/DSPE-PEG2k-PSNs

The LeB-PSN nanoparticles were prepared using a nanoprecipitation method, wherein LeB/DSPE-PEG2k-PSNs with
different weight ratios of DSPE-PEG2k (6:4, 7:3, 8:2 and 9:1) were also synthesized. Respectively, laser diffraction and
Zeta potential measurements were conducted to determine size of particles and surface charge of the nanoparticles
(Figure 2). The results showed that the average particle size of LeB-PSN was approximately 125 nm with a PDI of
around 0.147 and a surface charge of —35 mV. The critical micelle concentration of LeB-PSN was 0.002958 mg/mL
(Figure S2), which was lower than that of general polymer materials.”® The low critical micelle concentration also
ensures its good stability in water. Once a prodrug undergoes self-assembly into nanoparticles and is subsequently
subjected to centrifugation at 5000 rpm for the removal of any precipitates, the measured proportion of actual drug
loading obtained through the liquid phase method is in close agreement with the proportion of actual drug content after
lyophilization (as indicated in Table S1).

Upon addition of DSPE-PEG2k at different weight ratios, both the particle size and PDI significantly decreased, while
the zeta potential increased remarkably. Corroboratively, earlier work has observed a decrease in particle size after
PEGylation of prodrug nanoparticles.”® Specifically, the particle size was discovered to be around 110 nm, while the PDI
was approximately 0.12 with surface charge being about —17 mV. No significant differences were observed when particle
size, PDI and Zeta potential of 9:1, 8:2 and 7:3 PSNs were compared. However, the 6:4 PSNs exhibited an increase in
both particle size, PDI and Zeta potential (Figure 2F-H). TEM analysis revealed that the nanoparticles exhibited
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Figure 2 The particle size distribution, polydisperse index (PDI), Zeta potential, and transmission electron microscopic (TEM) images of different nanoparticles. (A-E)
Particle size distribution and TEM images of Leb-PSN, 9:1-PSN, 8:2-PSN, 7:3-PSN, and 6:4-PSN; (F-H) Average particle size, PDI, and Zeta potential values of Leb-PSN,

9:1-PSN, 8:2-PSN, 7:3-PSN, and 6:4-PSN. Data are presented as mean * SD, n=3. One-way ANOVA (one-sided) with Dunnett’s multiple comparisons test was used for data
analysis, where ns indicates no significance, *P < 0.05, **P < 0.01, and ***P < 0.0001.
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a spherical morphology that was consistent with the DLS results (Figure 2A—E). Previous reports have indicated that
nanoparticles that have sizes ranging 50-200 nm increasingly and progressively accumulate in the extra-vascular
compartment of tumor tissues through enhanced permeability and retention (EPR) effect, wherein our prepared nano-
particles fell within this size range.’*' Notwithstanding, a comprehensive study to understand the mechanism under-
lying the accumulation of LeB/DSPE-PEG2k-PSNs in tumor tissues will be explored in not-too-distant future.

The Stability of the Nanoparticles

To further investigate the stability of the nanoparticles, their behavior at different temperatures (4 and 25 °C) and in PBS
(37.5 °C) was examined. Following storage for a duration of 30 days at both 4 and 25 °C, we observed no significant
changes in particle size for any of the nanoparticles (Figure 3A and B). This suggests robust long-term stability of the
nanoparticles under these storage conditions. However, in PBS (pH=7.4) at 37.5 °C, there was a rapid increase in particle
size accompanied by precipitation for LeB-PSN. In comparison, the 8:2-PSN formulation exhibited the smallest particle
size when it was exposed to PBS, thus demonstrating a significant difference in comparison to 9:1-PSN (Figure 3C).
Furthermore, the PEGylated nanoparticles showed no noticeable changes within 24 hours, which indicate a marked
improvement in stability following PEGylation. In 10% FBS solution, 8:2-PSN also exhibited the best stability, with
minimal changes in particle size within 24 hours (Figure S3). These findings underscore the substantial advantages of
PEGylation in enhancing stability as well as the critical role of optimizing the amount of medium to ensure nanoparticle
stability in medical applications.*” In particular, PEGylation of nanoparticles is usually shielded from aggregation, which
in turn can stabilize the nanoparticles upon dispersion.**

Esterase Hydrolysis Rate of LeB-PSNs and LeB/DSPE-PEG2k-PSNs

Enzymatic or nonenzymatic hydrolysis of ester prodrugs is very significant for their activation in vivo and in vitro.>* To
simulate this phenomenon, we investigated the drug release behavior of LeB-PSNs and LeB/DSPE-PEG2k-PSNs in PBS
solutions with or without 50 U/mL esterase (Figure 4A and B). The results showed no significant difference in the
prodrug hydrolysis rate between LeB-PSNs and LeB/DSPE-PEG2k-PSNs in PBS (pH=7.4) without esterase (Figure 4B).
However, surprisingly, the drug release rate of LeB/DSPE-PEG2k-PSNs was significantly higher than that of LeB-PSNs
in PBS (pH=7.4) with esterase (Figure 4A and C). Among these different LeB/DSPE-PEG2k-PSNs, the cumulative
release rates at 48 hours (Figure 4C) and 72 hours (Figure S4) of 8:2-PSN were markedly higher compared to other ratios
of PSNs. To exclude the influence of DSPE-PEG2k solubilization, we further examined the situation with the addition of
0.1% Tween 80 and 0.002% DSPE-PEG2k (the same DSPE-PEG2k content as in 8:2-NPs) in the medium (Figure 4D).
The results showed that the drug release rate of LeB-PSNs decreased, possibly due to the addition of surfactant (Tween
80), which increased the stability of the nanoparticles. Therefore, the increase in drug release rate of LeB/DSPE-PEG2k-
PSNs was not caused by DSPE-PEG2k solubilization. The possible reason may be that the esterase degraded DSPE-

16,35

PEG2k, thereby disrupting the intermolecular balance within the nanoparticles, which led to increased prodrug
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Figure 3 The particle size variation of different nanoparticles after storage at 4°C (A) and 25°C (B) for 30 days, and stability assessment in phosphate-buffered saline (PBS,
pH 7.4) over 24 hours (C). Insert: the Tyndall effect image with different nanoparticles of Leb-PSN (1), 9:1-PSN (2), 8:2-PSN (3), 7:3-PSN (4) and 6:4-PSN (5) under direct
laser beam irradiation. Data are presented as mean * SD, n=3. Statistical analysis was performed using two-tailed Student’s t-test, ***P < 0.001.
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release and subsequently accelerated drug release rate (Figure 4E). In support of the above findings, available literature
has indicated that hydrolysis of ester linkages results in increased drug release.*® In addition, after PEG modification, the
hydrophilicity of the nanoparticle surface increased, thus weakening the hydrophobic interaction with esterase.’’
However, after PEG had completely covered the nanoparticle surface, it may have protected the ester bond. This
explains why further increase in DSPE-PEG2k content led to a slower release ratel]

The strategy of increasing the selective cytotoxicity of drugs by harnessing the release properties sensitive to esterase
has garnered extensive attention and application in tumor treatment research.”>~* The in vitro release results of 8:2-PSN
exemplify its propensity for esterase-sensitive liberation. Due to the relatively higher esterase levels in tumor cells
compared to normal cells, 8:2-PSN could be rapidly disassembled and subsequent released the LeB prodrug within tumor
cells. Moreover, the prodrug would undergo hydrolysis by esterase, thus yielding the prototype active pharmaceutical
agent.® Simultaneously, owing to the comparably reduced esterase levels in normal cells, the hydrolysis of the LeB
prodrug is less pronounced, thus resulting in a relatively diminished toxicity towards normal cells.** Consequently,
through its esterase-sensitive release characteristics, 8:2-PSN can showcase heightened selectivity towards tumor cells
while mitigating deleterious effects on normal cells.

Cell Cytotoxicity Bioactivation
We conducted a study on the cytotoxicity of BFL on KYSE150 cells (Figure 5A). The cell cytotoxicity of paclitaxel on
KYSE150 cells is provided in Figure S5. The half-maximal inhibitory concentration (ICs() of paclitaxel on KYS150 cells
at 24, 48 and 72 hours was 572 nM, 173 nM and 92 nM, respectively. In contrast, the ICsq of BFL on KYSE150 cells at
24, 48 and 72 hours was 49.3 nM, 4.7 nM and 2.9 nM, respectively. These findings suggest that BFL exhibited superior
toxic effects compared to paclitaxel (Figure S6), which aligned with the consistent outcomes reported in other scholarly
literature.*! Additionally, we tested the inhibitory effect of Leb-PSN and Leb/DSPE-PEG2k-NPs with different mass
ratios on KYSE150 cell proliferation (Figure SB—F). The ICso of different PSNs is shown in Figure 5G. The results
revealed that these nanoparticles had significantly lower inhibitory effects on KYSE150 cell proliferation compared to
free BFL. Specifically, at different time points (24, 48 and 72 hours), the 8:2-PSN formulation showed the best inhibitory
effect on KYSE150 cells, while the non-PEGylated LeB-NPs exhibited the weakest cytotoxicity. These results are
consistent with our earlier findings regarding stability and in vitro release experiments. Therefore, we speculated that
these differences may be related to the stability of different PEGylated drug nanoparticles and their response to esterase.
Additionally, these discrepancies may also be influenced by the cell uptake rates of nanoparticles in different cells.*?
In order to validate the selectivity of different PSNs towards tumor cells, we also examined the cytotoxicity on
healthy epidermal epithelial cells (HEEC). The results, as shown in Figure S7, indicated that the cytotoxicity of the PSNs
was significantly lower than that of free BFL at 24 and 48 hours. Furthermore, the relative cytotoxicity (the ratio values
of ICsy to HEEC and KYSE150) was significantly enhanced (Table S2). Remarkably, the relative cytotoxicity value was
highest for 8:2-PSN at 48 hours. This observation may be attributed to the heightened hydrolysis degree of 8:2-PSN
within tumor cells, which was induced by their superior esterase sensitivity.

Cellular Uptake Bioactivation

According to the results of cytotoxicity, PEGylated prodrug nanoparticles exhibited significantly higher cell cytotoxicity
compared to non-PEGylated prodrug nanoparticles. Cellular uptake is an important factor influencing the efficacy of
prodrugs as they need to enter tumor cells and undergo conversion into active drugs. To assess cellular uptake, we labeled
the prodrug nanoparticles with a fluorescent substance (C-6), wherein the fluorescence intensity within the cells was used
to reflect the extent of nanoparticle uptake. After 1 hour of administration, the 8:2-PSN group displayed significantly
higher fluorescence intensity compared to other groups (Figure 6A). At 6 hours, the 8:2-PSN group exhibited the highest
fluorescence intensity, which was significantly greater than the other groups (Figure 6B).

There are several factors that influence cellular uptake. For free drug, it is closely related to their physicochemical
properties. Herein, free C-6 was primarily absorbed through passive diffusion for transmembrane transport.*> However,
in the case of nanocarrier systems, there are additional factors that can affect cellular uptake, namely particle size, surface
charge, and drug release rate.** In our experiments, we did not observe significant differences in particle size and surface
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Figure 5 The cytotoxicity of Bufalin (BFL) and different nanoparticles on KYSEI50 cells. (A—F) The cytotoxicity of free BFL solution, Leb-PSN, 9:1-PSN, 8:2-PSN, 7:3-PSN,
and 6:4-PSN at different time points (24, 48, and 72 hours). (G) The ICsq values of different nanoparticles on KYSEI50 cells at different time points (24, 48, and 72 hours).
One-way ANOVA (one-sided) with Dunnett’s multiple comparisons test was used for data analysis, where ns indicates no significance, *P < 0.05, **P < 0.01, ***P < 0.001,

and ¥**P < 0.0001.
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Figure 6 The cell uptake in KYSEI50 cells. The fluorescence intensity images were obtained using a fluorescence microscope and the fluorescent intensity values were
calculated using the Image software at |hours (A) and 6 hours (B) after treatment with various nanoparticles on KYSEI50 cells. Statistical analysis was performed using two-
tailed Student’s t-test, where **P < 0.01, **P < 0.001, and ****P < 0.0001.

Mean fluorescence intensity

charge between 9:1-PSNs, 8:2-PSNs, and 7:3-PSNs. Nevertheless, the cellular uptake results showed significant
differences (Figure 6B). This disparity could be attributed to two main factors: firstly, differences in stability.*> In
particular, 8:2-PSN group exhibited the highest stability, with minimal aggregation and enlargement. Secondly, the effect
of aggregation quenching due to drug release rate.*® The 8:2-PSN group showed the fastest drug release rate and the least
aggregation quenching effect. Even with the presence of aggregation quenching, the fluorescence intensity of the
8:2-PSN group remained significantly higher than that of free C-6, thus indicating a significantly higher proportion of
cellular uptake for the 8:2-PSN group. In summary, our experimental results demonstrate the significant advantage of
PEGylated prodrug nanoparticles in terms of cellular uptake, with the 8:2-PSN group exhibiting the highest cellular
uptake. This finding has important implications for the efficacy of prodrugs and may aid in further optimization of drug

delivery system design and performance.

Cell Scratch Inhibition Bioactivation

Esophageal squamous cell carcinoma (ESCC) is a complex disease with multiple etiological factors. Due to late-stage
diagnosis or metastasis, the prognosis for most patients is poor. In this study, we investigated the inhibitory effects of
different PSNs and free BFL on KYSE150 cell migration. Changes in the scratch area of KYSE150 cells were observed
under an inverted phase-contrast microscope at 24 and 48 hours (Figure 7A, D and E). The results displayed a lower
number of migrating cells in the scratch area in free BFL solution group compared to blank control group. The ratio of
uncovered scratch area (LA/LO) was significantly higher in the free BFL solution group compared to blank control group.
In line with other reports, BFL exhibited commendable capacity for inhibiting cellular migration.*” Among the different
PSNs, the 8:2-PSN group had the highest LA/LO values at both 24 and 48 hours, which were significantly higher than the
other ratio groups. Due to its higher cellular uptake and enzymatic degradation rate, the 8:2-PSN retained the cell
migration inhibitory ability of free BFL (Figure 7A, D and E).
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Figure 7 The scratch (A), migration (B), and invasion (C) assays of different nanoparticles on esophageal cancer cells. Changes in the scratch area relative to the blank
control group after 24 hours (D) and 48 hours (E) of nanoparticle treatment. Cell count images of migration (F) and invasion (G) in different groups after 24 hours of
nanoparticle treatment. Statistical analysis was performed using two-tailed Student’s t-test, where ns indicates no significance, *P < 0.05, **P < 0.01, and ****P < 0.0001.

Cell Migration and Invasion Inhibition Bioactivation

In order to further investigate the inhibitory effects of BFL and different PSNs on migration and invasion of KYSE150
cell, we employed the Transwell assay. As shown in Figure 7B, C, F, and G, BFL intervention led to a significant
inhibition of KYSE150 cell migration and invasion. When compared with different PSNs, the 8:2-PSN group exhibited
the highest degree of inhibition on KYSE150 cell migration and invasion, which was significantly superior to other ratio
groups. The results showed that the 8:2 PEGylated nanoparticles also retained the cell migration and invasion inhibitory
ability of free BFL (Figure 7D—-G). These findings are consistent with the results obtained from the cell scratch assay. The
enhanced inhibitory effect of the 8:2-PSN group can be attributed to its highest cellular uptake and enzymatic
degradation rate, along with better colloidal stability. Relevant studies have suggested that PEGylated nanoparticles
are generally able to avoid clearance by phagocytic cells with a longer circulation time and enhanced tumor EPR effect,
thereby exhibiting greater potential for application.*® Therefore, further investigations on in vivo pharmacokinetics were
conducted, and the results are shown in Figure S8. The AUC (prodrug in blood) of 8:2-PSN was 110.06 and 218.4-fold
higher than free bufalin solution and LeB-PSN, respectively (Table S3). The AUC (bufalin in blood) of 8:2-PSN was
2.64 and 5.40-fold higher than free bufalin solution and LeB-PSN, respectively. Compared to free bufalin solution and
LeB-PSN group, the 8:2-PSN group exhibited longer half-life (t;,,) due to its superior colloidal stability and PEGylation
protection.*” The aforementioned findings collectively demonstrate that the utilization of long-circulating esterase-
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responsive prodrug nanocarriers for bufalin in the treatment of esophageal cancer and prevention of metastasis are
associated with remarkable efficacy. Notwithstanding, our group will conduct further in vivo pharmacodynamic study of
PSNs in subsequent experiments for wider clinical applications of BFL in cancer treatment.

Conclusions

In summary, BFL exhibited a significant inhibitory effect on the proliferation, migration and invasion capabilities of
KYSE150 cells. An ester prodrug was formed successfully with linoleic acid, wherein it possessed the ability to self-
assemble into nanoparticles. After PEGylation modification, the stability and enzymatic degradation rate of the prodrug
improved significantly. Additionally, different feed ratios of the prodrug and PEG had important impacts on stability and
enzymatic degradation rate, with the 8:2 mass ratio demonstrating optimal stability and enzymatic degradation rate.
Furthermore, the differences in stability and enzymatic degradation rate affected the inhibitory capabilities of the prodrug
on KYSE150 cell proliferation, migration and invasion, with the 8:2 mass ratio showing the best effects. Therefore, our
findings may contribute to the development of a BFL nanoparticle prodrug delivery system for clinical treatment of
esophageal cancer.
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