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Background: Leuprolide (LEU), a synthetic nonapeptide analog of naturally occurring gonadotropin-releasing hormone (GnRH),
could exert a direct inhibitory activity on the proliferation of prostate cancer cells. However, the short half-life in blood and the
biopharmaceutical problem of LEU limit this anticancer activity.

Purpose: To improve its druggability for improving anticancer activity, the amine-group targeted LEU was conjugated with different
chain lengths of saturated fatty acids (FAs).

Methods: LEUfatty acid conjugates (LFCs) were synthesized by exploiting N-hydroxysuccinimidyl (NHS) conjugation chemistry.
The physicochemical properties and the self-assembled behaviors of the conjugates were extensively investigated. The in vitro
anticancer activity of three LFCs was extensively studied in both 2D monolayer and 3D spheroid culture models of a prostate cancer
cell line, PC3.

Results: Three LFCs could be readily self-assembled into nanoparticles (LFNs) with a small size of around 100 nm, positive charges,
and exhibited greater permeability rates compared to the same concentration of LEU, excluding LSN. The chain length of FA in
conjugate was positively related to the selectivity index between cancer cells and non-cancerous cell lines. All LFCs showed a superior
direct antiproliferative effect on cancer cells in the following order: LSC (98.9%) > LPC (86.7%) > LLC (75.0%) > LEU (8.9%) after
repeat daily of the same dose strength of LEU for 4 days. In addition, the 3D spheroid model study indicates that all LFCs with a one-
time treatment performed a long-acting inhibitory effect on tumor growth as compared to LEU after 7 days.

Conclusion: The conjugation of LEU with different chain lengths of FAs could provide a novel strategy to improve peptide stability
and exert an additional superior direct inhibitory effect for the treatment of several hormone-responsive tumor systems using
therapeutic peptides.

Keywords: leuprolide, fattigation, fatty acid chain length, LEU—fatty acid conjugate, self-assembled nanoparticles, enhanced

permeability, improved anticancer activity

Introduction
Prostate cancer has become the leading common primary cancer as a cause of cancer-related illness and death in men.'~
The prevention and treatment of different stages of prostate cancer can be achieved by several options including radiation
therapy, immunotherapy, cryotherapy, chemotherapy, and hormone therapy.>> Among them, hormone therapy, also called
androgen suppression therapy, has been considered as the standard first-line treatment for metastatic prostate cancer by
lowering levels of male hormones (androgens) as fuels for prostate cancer cell growth.*>

Leuprolide (LEU) acetate, a synthetic nonapeptide and a potent GnRH agonist that lowers gonadotropin secretion, has
been used as the first-line treatment for advanced prostate cancer.® Unfortunately, like other peptide drugs, LEU has many

biopharmaceutical limitations such as a short half-life and low membrane permeability. Table 1 gives the physicochemical

International Journal of Nanomedicine 2023:18 2325-2344 2325
Received: 11 December 2022 © 2023 Ngo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallable at httpx / Iwww.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati nc/3.0/). By accessing the work

Accepted: 11 April 2023
Published: 4 May 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-5161-7911
http://orcid.org/0000-0002-0951-1566
http://orcid.org/0000-0003-4951-3213
http://orcid.org/0000-0003-0922-3289
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ngo et al Dove

Graphical Abstract

LEU-fatty acid conjugates for cancer targeting
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and biological properties of LEU. For these reasons, various pharmaceutical technologies have been utilized to encapsulate
and deliver LEU acetate for long-acting injection.”® For example, PLGA microspheres encapsulating LEU were developed
for parenteral controlled release depot injection.” In situ forming implant (ISFI) system using PLGA and nanohydroxya-
patite (HA) particle also led to the sustained release of LEU and testosterone withholding over a 90-day period with
a significant decrease in the burst release phase.'® Currently, LEU depot suspension (Lupron Depot”™, TAP Pharmaceuticals
Inc., Deerfield, IL, USA) is commercially available in a prefilled dual-chamber syringe containing sterile lyophilized
microspheres, which is administered monthly as an intramuscular (IM) injection with sustained release."’

Recent advances both in vitro and in vivo indicate that many GnRH agonists, including LEU, exert direct inhibitory
effects on tumor growth on various cancer cell lines containing both androgen-dependent and androgen-independent models
by interfering with the pro-metastatic activity of insulin-like growth factor-I (IGF-1) and resulting in the reduced
migration.'>'*> However, the magnitude of this effect at doses was insufficient due to the short serum half-life and unmet
biopharmaceutical and physicochemical properties of LEU, thereby cell proliferation studies were performed by daily
treatment of LEU to clearly exert the significant inhibitory effect on the migration and invasion of androgen-independent

Table | Physicochemical and Biological Properties of
Leuprolide (LEU) Acetate

Physiological charge

Factor Leuprolide Acetate
Physical appearance White solid
Molecular weight 1269.5 g/mol
Chemical formula Ce1HggN O 4 C,H,O,
Half-life 3h
Drug class GnRH analogue; GnRH agonist
Route of administration IM injection
Excretion Kidney
Solubility in water Highly water-soluble, 2 66.66 mg/mL
Log P 2.7

+1

https:

2326

Dove!

International Journal of Nanomedicine 2023:18


https://www.dovepress.com
https://www.dovepress.com

Dove Ngo et al

prostate cancer cells.'? Lipidation is a promising strategy to modulate the lipophilicity, secondary structures, and self-
assembly of various proteins and peptides by the presence of a lipid group after conjugation.16 These modifications could be
useful for improving metabolic stability, membrane permeation, and modulating the pharmacokinetic as well as pharmaco-
dynamic properties of peptides.'” Among many strategies of using lipid groups in lipidation, the fattigation-platform
technology developed by our research group can be a superior alternative to modify and improve the druggability of various
peptide and protein medicines by utilizing diverse characteristics of fatty acids.'®'” There are two properties of fatty acids
making them different from one another, including carbon chain length and degree of saturation.'® In the previous study, our
group investigated the importance of fatty chain length in in vitro and in vivo of anticancer activity in many cancer cell lines
and suggested that the long -chain fatty acids could have the potential for cancer targeting due to the overexpression of free-
fatty acid receptors (FFARs) on cancer cells.”’%* Recently, we synthesized and studied the modifications of the hydroxy
group-targeted conjugates of LEU with different degrees of saturation of fatty acids affecting the improved kinetic peptide
degradation against human plasma and the enhanced permeability through self-assembled nanoparticles of these
conjugates."® In this research, the motivations come up with previous studies of our group by focusing on the importance
of fatty chain lengths on the improved druggability of LEU for anticancer activity, including a long-acting performance via
the enhanced drug stability and permeability, and a synergistic direct inhibitory effect with conjugated fatty acids.
Amphiphilic LEU-fatty acid conjugates (LFCs) were synthesized using the N-hydroxysuccinimidyl (NHS) conjugation
chemistry reaction. The physicochemical properties of the conjugates were successfully identified by 'H-nuclear magnetic
resonance (1H-NMR) spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy, and matrix-assisted laser desorption/
ionization-time-of-flight/time-of-flight (MALDI-TOF/TOF) tandem mass spectrometry. The physicochemical properties,
such as particle size, surface charge, secondary structure, and morphology of LFNs, were characterized. The in vitro release
rate of active LEU was examined using various LFC formulations after incubation with human plasma (pH 7.4) at 37 °C. In
addition, the permeation test of LFNs through the cellulose membrane was carried out using a Franz diffusion cell to perceive
the enhanced permeability. Finally, we examined the direct antiproliferative effect of three LFCs on the PC3 cell line. PC3 is
a hormone-insensitive prostate cancer cell line and PCa is reported as a lipid-dependent tumor;>* therefore it would be clearer
to understand the impacts of conjugated fatty acids on the direct inhibitory effects of LFNs as compared to that of LEU.
Together with 2D cell cultures, a three-dimensional (3D) spheroid culture assay was performed in this study mimicking solid
tumors to observe and understand the anticancer activity of LFNs. In the meantime, we also investigated the selective toxicity
to cancer cells over non-cancerous cell lines (human fibroblasts) to observe the impacts of chain length on the selectivity
index of three conjugates.*

Materials and Methods

Materials

LEU acetate was purchased from Anygen (Gwangju, Korea). Palmitic acid N-hydroxysuccinimide ester (PA), stearic acid
N-hydroxysuccinimide ester (SA), lauric acid N-hydroxysuccinimide ester (LA), sodium stearate, sodium palmitate, and
sodium dodecanoate were purchased from Sigma-Aldrich. Human plasma was kindly donated from the Seoul Clinical
Laboratories (Suwon, Korea). Tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO) were obtained from Daejung
Chemicals & Metals (Seoul, Korea). HPLC-grade solvents were obtained from Thermo Fisher Scientific with anhydrous
alcohol (EtOH), methanol (MeOH), acetonitrile (ACN), Tween® 80, and formic acid (Asheville, NC, USA). All other
reagents were of analytical grade and used commercially without purification.

Preparation of LFCs

Screening Fatty Acid Agents

LFCs were synthesized by exploiting the NHS conjugation chemistry reaction to target the amine groups. For example,
the scheme of the LEU—palmitic acid NHS ester coupling reaction for the conjugation process is shown in Figure 1. Fatty
acids were chosen as the backbone of the conjugates, based on a previous study. Different saturated fatty acid NHS esters
were selected, namely, lauric acid-NHS ester (NHS-LA) (C12), palmitic acid-NHS ester (NHS-PA) (C16), and stearic
acid-NHS ester (NHS-SA) (C18). The physicochemical properties of the selected fatty acids are summarized in Table 2.
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Figure | Schematic diagram for the synthesis of amine-group targeted LEU—palmitic acid conjugate (LPC).

Synthesis of LFCs

LFCs were synthesized using the NHS conjugation chemistry reaction, as described previously with some
modifications.>>*® Briefly, 127 mg (0.1 mM) of LEU acetate was dissolved in 10 mL of pH 7.4 phosphate-buffered
saline (PBS) solution under stirring at 500 rpm for 3 h to deprotonate the Arg guanidinium group of LEU, therefore
promoting the nucleophilic attack of the activated esters at room temperature. At the same time, 35.35 mg (0.1 mM) of
NHS-PA was dissolved in 10 mL of THF (the synthesis of other types of fatty acids (FA) was also the same mole ratio).
Then, the NHS-PA solution was slowly dropped into the free-LEU solution and mixed by stirring at 500 rpm at 50 °C for
6 h to form the LPC. After the reaction, the solution was dialyzed against absolute ethanol (1000 Da MWCO) for 1 day
and deionized water for 1 day to remove the residual acetate salt and organic solvents. Finally, the crude LFC solution

was lyophilized at —80 °C to collect the powders.

Purification of LFCs

To identify LEU and three types of conjugates (LFCs), they were first investigated by reverse-phase (RP) preparative
HPLC separately due to the lipophilic difference between LEU acetate and LFCs. The model was a DeltaprepLC300 by
Waters. Reverse-phase preparative-HPLC with an isocratic elution was equipped with a YMC-Pack C18 column

Table 2 Physicochemical Properties of Different Chain Lengths of Fatty Acid-NHS Esters

Types of Fatty Acid-
NHS Esters

Chemical Formula

Features

Molecular
Weights (g/mol)

Molecular
Weights of Fatty
Acids (g/mol)

LA-NHS ester (C12)
PA-NHS ester (C16)
SA-NHS ester (C18)

CH3(CH,)0(COOHC4H;NO,
CHj3(CH,),4COOHC4H;NO,
CH3(CH,),COOHC4H;NO,

Cl12, saturated
Cl16, saturated
C18, saturated

297.39
353.50
381.55

200.32
256.40
284.48
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Table 3 Prep-HPLC Gradient Conditions for LEU—Fatty
Acid Conjugate (LFC) Purification

Time (Min) | D.W (0.1% TFA) | ACN (0.1% TFA)
0 80 20
10 65 35
I5 30 70
30 18 82
35 0 100
40 0 100

AA30S05-2502WT (particle size 5 pm, pore size 30 nm, 250%20 mm, pressure limit 20-30 MPa) and a UV detector
controlled at 220 nm to assess the purity of the LFCs.

In addition, the conjugates (LFCs) were further purified using preparative high-performance liquid chromatography
(Prep-HPLC) for minimizing the impurities and finally to obtain the intended one fatty acid LEU conjugate. The HPLC
profiles of LEU and its conjugates were eluted at the different retention times. Gradient elution was performed at a flow
rate of 10 mL/min with mobile phase A (0.1% trifluoroacetic acid (TFA) in water) and mobile phase B (0.1% TFA in
acetonitrile). The column was equilibrated and eluted under gradient conditions at a flow rate of 10 mL/min and
maintained at 25 °C, as shown in Table 3. The sample injection volume was 10 mL. The LFC peak was detected at
an 80% solvent B ratio (retention time of approximately 21 min) in the chromatogram. The collected sample from Prep-
HPLC was solvent-free using rotary evaporation and freeze-drying at —80 °C to collect the solid forms.

Determination and Physicochemical Characterizations of LFCs

Matrix-Assisted Laser Desorption/lonization (MALDI-TOF)

The molecular weights of LFCs were confirmed by MALDI-TOF/TOF MS using an Autoflex maX TOF/TOF mass
spectrometer with a laser frequency of 200 Hz (Bruker Daltonics, Billerica, MA, USA). a-Cyano-4-hydroxycinnamic
acid (CHCA, MW 189.04 Da) matrix was chosen as the peptide calibration reagent with MW <10,000 Da. In addition,
2,5-dihydroxybenzoic acid (2,5-DHB, MW 154.03 Da) was used for our LFC analysis. After Prep-HPLC purification, the
LFC sample was dissolved in 75% ACN solution, and a mixture of 2 uL. samples and 2 pL 2.5-DHB matrix was prepared
in a 1:1 ratio. The sample was loaded into the template (MTP 384 target plate ground steel BC, Bruker) and then

measured after drying the organic solvent with a vacuum dryer.

Proton Nuclear Magnetic Resonance (‘H-NMR)
LEU acetate and LFCs were dissolved in deuterated DMSO (DMSO-d6) at a concentration of 20 mg/mL. "H-NMR
spectra were analyzed using a Bruker ADVANCE II 400 MHz spectrometer at 25 °C.

Fourier Transform-Infrared (FT-IR) Spectrometer

This method was used to confirm the conjugation between LEU acetate and different types of NHS-FA esters. LEU
acetate, NHS-FA esters, physical mixtures (PMs), and LFCs powders were analyzed using a FT-IR spectrometer (Nicolet
iS50, Thermo Fisher, Japan). Briefly, 1 mg of each sample was mixed with 200 mg of KBr. The compressed mixture

pellet was scanned at wavelengths ranging from 400 to 2000 cm ™' with a resolution of 2 cm ™.

Differential Scanning Calorimetry (DSC)

The thermodynamic features of LEU acetate, NHS-FA esters, and LFCs were measured using DSC (GmbH-DSC 200 F3
Maia®, NETZSCH, Germany). DSC data provide the melting point and physical form (amorphous/crystalline) of the
measured samples. All samples were scanned from 0 °C to 200 °C at a rate of 10 °C/min.
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Circular Dichroism (CD) Spectra

The CD spectra of LEU and LFCs were measured using a CD spectroscopy (JASCO J-1500, Japan) in the range of wavelength
from 190 to 260 nm. Samples (0.5 mg/mL) were prepared in water or 50% 2,2,2-trifluorocthanol (TFE)/water (v/v).
Measurements were carried out with 1 mm path cell at room temperature with the scanning speed of 200 nm/min, 0.1 nm
data pitch and 1 nm bandwidth.

HPLC Analysis

A HPLC system (Agilent 1200, Agilent Technologies, USA) was equipped with a reverse phase column (Phenomenex
Gemini®, C18, 5 um, 250x4.6 mm, 110 A). For the quantitation of LEU, the mobile phase consisted of 0.1%
trifluoroacetic acid (TFA) in deionized water and acetonitrile solution at a ratio of 68:32 (v/v), with a flow rate of
1 mL/min. In the case of LFCs, the mobile phase consisted of 0.1% TFA in deionized water and acetonitrile solution at
a ratio of 32:68 (v/v). However, when the quantity of LEU and LFCs after degradation and permeation tests was assayed,
the analyte adsorption on the C18 phase was not sufficiently strong. Accordingly, an ion-pairing reagent was added to the
mobile phase solution to enhance the analyte retention. Alkyl sulfonates are typical counterions for cationic substances.
Consequently, 0.01 M sodium hexane sulfonate was added to all the mobile phases with deionized water. The analytical
C18 column was maintained at 25 £ 0.5 °C and the loading volume of each sample was 30 puL. The UV detector was
operated at 220 nm of wavelength. The peaks of LFCs were detected at 3.030 min, 6.184 min, and 10.416 min for LLC,
LPC and LSC, respectively (the HPLC profiles of LFCs are supplied in Figure S1).

Determination of Free Amine Groups by TNBS Method

2,4,6-Trinitrobenzene sulfonic acid (TNBS) is the reagent used to quantify the number of amine groups presented in
peptides, amino acids, and proteins by forming an orange-colored complex.?® In this method, L-lysine monohydrate is
used as a standard amino acid to establish the calibration curve in the range of 1-10 pg/mL (equivalent to 0.0061-0.0609
mM) with R* = 0.998 for quantitation of free amine groups. All samples including LEU acetate and LFCs (equivalently
to 0.0394 mM of LEU) were prepared in 0.5 mL of reaction buffer (0.1M sodium bicarbonate, pH 8.5) with the
assistance of sonication for a homogeneous distribution, followed by the adding of 0.25 mL of 0.01% TNBS solution.
Then, samples were incubated for 2 h at 37 °C. After incubation, 0.25 mL of 10% (w/v) sodium lauryl sulfate (SLS) and
0.125 mL of HCI 1IN were added to each sample. Finally, 200 puL of each sample was added into each well of a 96-well
plate for the absorbance measurement at 335 nm.

Formation and Characterization of LFCs Self-Assembly (LFNs)

Dynamic Light Scattering (DLS) Measurement

The particle size and zeta potential of the LFNs were measured using DLS ELSZ-2000 S (Otsuka Electronics, Tokyo, Japan).
First, 10 mg of each LFC were dissolved in 1 mL of absolute ethanol followed by the slowly adding of 10 mL of DW. Then, the
mixture was stirred for one day to evaporate the organic solvent and obtain nanonization (LFN).

The short-term stability of LFNs with or without supplemented 5% (w/v) human serum albumin (HSA, fatty acids free) were
carried out in PBS (pH 7.4) solution.”” Human plasma was replaced by human serum albumin to avoid the presence of various
components in plasma affecting to the accuracy of DLS measurement. Briefly, each LFN solution was diluted 5 times with PBS
solution instead of DW for DLS measurement. To mimic the physiological condition, 5% w/v HSA was added. Finally, samples
were incubated at 37 °C and the particle size was monitored for 48 h. All the measurements were performed in triplicate (n = 3).

Field Emission-Scanning Electron Microscopy (FE-SEM)
The morphology of LEU acetate and LFNs was observed by FE-SEM, JSM-7900F (Tokyo, Japan) at a voltage of 5 kV.
The LFC nanonization solutions were pre-coated with a thin layer of platinum for 10 min.

In vitro Permeation Test of LEU and LFNs
In vitro permeation of LFN solution was carried out using a Franz diffusion cell system (DHC-6TD, Logan, USA). This cell
consisted of donor and receptor parts in which the permeation barrier-membrane (PB-M, cellulose membrane, Logan, USA)
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was placed. The exposed membrane surface area was 38 mm?, and the receptor compartment volume was 5 mL. LFCs were
nanonized in pH 6.8 buffer solution under the same conditions as previously mentioned in the DLS method. Briefly, 10 mg
of LEU or each type of LFCs was dissolved in 1 mL of absolute ethanol, and then 10 mL of PBS (pH 6.8) was slowly
injected. Nanonization was performed by stirring for one day for solvent evaporation. After cell assembly, the receptor
chamber was filled with PBS (pH 7.4) containing 0.5% (v/v) Tween 80 and preheated at 37 °C and continuously stirred at
600 rpm using a magnetic stirrer. Then, 300 pL of each sample was placed separately on the surface of the PB-M (n = 3).
Eventually, samples were withdrawn at 500 pL at 15, 30, 60, 120, 240, 360, 480, 600, and 720 min and replenished with
500 puL of fresh buffer. Finally, the withdrawn samples were analyzed by HPLC, as described above.

In vitro Cell Culture Study
Cell Lines and Cell Culture

The human prostate cancer cell line PC3 was obtained from Korean Cell Line Bank (Seoul, Korea). Human fibroblasts
(human dermal fibroblasts, HDFs and human foreskin fibroblasts, HFF-1) were purchased from ATCC (Manassas, VA,
USA) and used as non-cancerous cell lines in this study. All cell lines were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin and penicillin (Gibco, USA) and maintained
in a humidified incubator at 37 °C with 5% CO, in air.

Cell Viability and Proliferation Assays in 2D Monolayer Culture Model

To study the cell viability and antiproliferative effect, all cells with different cell lines were trypsinized and seeded into 48-well
plates at a density of 1x10* cells/well following the previous protocol.”® After 24 h of incubation, cells were treated with 500
uL of different concentrations of LEU, FAs, mixtures of LEU and FAs, and LFCs in 2.5% FBS-RPMI 1640 medium. The cell
viability and proliferation assays were performed using WST-1 and live/dead assays. At the end of the incubation period, 50
pL of WST-1 reagent (EZ-Cytox, DoGen, Korea) was added into each well and incubated for 1 h. Afterwards, the absorbance
of cell culture media was measured at 450 nm using a microplate reader (Synergy H1, Biotek™, USA). The control samples
were cells incubated in 2.5% FBS-RPMI 1640 without any treatments. Notably, due to the short stability of LEU in serum, a
cell proliferation assay during 96 h was performed and repeated daily for all samples.'>2*

To investigate the live/dead cell performance, at the end of treatment, cultured media were withdrawn and replenished
carefully with live/dead working solution prepared using the LIVE/DEAD® Viability/Cytotoxicity assay kit (Invitrogen™,
Thermo Fisher Scientific, USA) and following the manufacturing protocol. Notably, the positive control (live cells) samples
were the samples incubated with media without any treatments. The negative control (dead cells) samples were obtained by
fixing them with ice-cold 70% ethanol for 15 mins as recommended by Cell Analysis Support Center (ThermoFisher
Scientific). Images were captured by utilizing a fluorescent microscope (Leica Microsystems, Korea).

Anti-Tumor Response in 3D Spheroid Culture Model

After cell culture, the trypsinized cells were dispersed in 10% FBS-RMPI 1640 media containing 1% (v/v) Corning
Matrigel® matrix to obtain the cell suspension at the density of 2000 cells/mL. Then, 250 uL of cell suspension was
added into each well of a 96-well floater plate (ultra-low attachment, SPL Life Sciences Co., Ltd), centrifuged at
1500 rpm for 10 min and left in the incubator at 37 °C with 5% CO,. After 4 days, when the spheroids were formed,
different samples were treated at the final concentration of 50 uM in 2.5% FBS-RPMI 1640 media. In the case of LEU,
we performed two methods of treatment, including a one-time treatment (LEU) and daily treatment (LEU-D). After 7
days, the cell culture media were carefully replaced by live/dead working solution same as in 2D monolayer cell culture
and incubated for 2 h before live/dead imaging. The observation and analysis of the spheroid area were performed and
quantified using Cell® iMager duos (SCREEN Holdings Co., Ltd.) and ImageJ software, respectively.”” The fold increase
of the spheroid area was determined by the ratio between the spheroid area of each day and the spheroid area at day 0.

Statistical Analysis
The statistical analysis of the comparison between samples was performed using Sigmaplot software (version 14.0). The
one-way analysis of variance (ANOVA) was used to run the statistical significance between different groups. Data are
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presented as mean =+ standard deviation. The p-value less than 0.05 was considered to be statistically significant between
these groups. ICso values were determined using GraphPad Prism 5 software (GraphPad Software, CA, USA).

Results and Discussion

|dentification and Physicochemical Characterization of LFCs

When NHS conjugation chemistry is used for conjugation, the target site can be a nucleophilic site on the peptide. The
predicted sites including the a-amino group of the N-terminal residue and the €-amino groups of lysine residues were
absent in the LEU structure. However, the two nucleophilic sites of LEU can still be considered as possible fattigation
parts. One is the guanidino group on the arginine residue, and the other is the imidazolyl group on the histidine residue.

In this research, LEU acetate was at first dissolved in PBS (pH 7.4) to deprotonate the Arginine guanidinium group of
LEU, therefore promoting the nucleophilic attack of the activated esters as mentioned previously. In addition, it was
indicated that if LEU was conjugated at the His residue, the imidazole ring peak of LEU positioning at 8.23 ppm would be
divided and upfield shifted. However, this peak of LEU was still present in the profile of current LFCs without division or
shifting.?> To strongly support this evidence, additional experiments were performed to determine the amino groups of
LFCs using 2,4,6-trinitrobenzenesulfonic acid (TNBS) reactive agent. TNBS is widely used for determining amino acids
and peptides and for protein modification.*>>' Table 4 gives the quantitation of free amine groups of LEU acetate and
LFCs. The results indicated that there was no detection of amine groups after incubation with TNBS reagent. Collectively,
all the data evidenced that those fatty acids were conjugated with LEU at the Arg residue, not at the His residue.

Structural characterization of LEU acetate and LFCs was confirmed by FT-IR and 'H-NMR analyses. FT-IR spectra
were used to determine the changes in functional groups between the LEU and LFCs (Figure 2). The peak at 1626 cm '
indicates the formation of an amide bond between the amino group of LEU and fatty acid. In addition, the LFCs
produced a change in the wavenumber. The stretching of a peak of both LPC and LSC at 1690 cm ' was longer than in
a peak at 1715 cm ' as compared to in NHS esters and physical mixtures of LEU and NHS ester of each FA, which
attributed to N-H formation after conjugation. Moreover, characteristic absorption peaks at 2850 and 2920 cm ' were
detected, relating to the —CH, groups of the fatty chain length.?*'

To identify the fattigation site, the "H-NMR spectra of LEU and the three conjugates were identified (Figure 3). The
peak at 10.82 ppm in the spectra of LEU was assigned to protons on the imidazole ring.”> When conjugated to the
imidazolyl group, a peak tends to move downfield, but this has not been confirmed.** Besides, the 6.76 and 7.50 ppm
peaks of LEU were shifted to 7.22 and 7.82 ppm of LFC. This can be presumed to be a change in the protons attached to
the guanidine group. In addition, the "H-NMR spectra of LEU-fatty acid conjugates showed marked peaks at 1.2—1.3
ppm and at 0.88 ppm, which are related to the (—CH2-), chain and the CHj tail, respectively, from fatty acid
conjugation.®!

The structural modulation of different types of LFCs was identified by MALDI-TOF/TOF analysis (Figure 4). The
molecular masses of LEU and LFCs (C12, C16, and C18) were found to be 1209.71 m/z (LEU), 1391.77 m/z (LLC,
C12), 1448.00 m/z (LPC, C16), and 1475.95 m/z (LSC, C18). These results are consistent with the calculated ideal
values. This indicated that each saturated fatty acid was conjugated with a single LEU molecule.

Lipid conversion of LEU can affect drug release and chemical stability. To investigate this, LFC was character-
ized using DSC. As a result, a DSC thermogram was conducted to study the effect of treatment methods on the

Table 4 Quantitation of Free Amine Groups of LEU Acetate and LFCs

Samples | Expected Concentration (mM) | Measured Concentration (mM)
LEU 0.0394 0.0390 + 0.0014

LLC 0.0394 No detection

LPC 0.0394 No detection

LSC 0.0394 No detection
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Figure 2 FT-IR spectra of LEU acetate, NHS-FA esters, physical mixtures of LEU and NHS-FA esters, and three conjugates (LFCs).
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Figure 3 'H-NMR spectra of (a) LEU acetate, (b) LEU-lauric acid conjugate (LLC), (c) LEU—palmitic acid conjugate (LPC), and (d) LEU-stearic acid conjugate (LSC).
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Figure 5 DSC thermograms of LEU acetate, NHS-FA esters, physical mixtures of LEU and NHS-FA esters, and three conjugates (LFCs). (A) LLC, (B) LPC, and (C) LSC.

crystallinity of pure drug and LFCs. The DSC spectra of the different types of LFCs are shown in Figure 5. Based
on the DSC results, various types of NHS-FA esters (NHS-LA, NHS-PA and NHS-SA) had melting peaks at 80.4,
92.2, and 90.2 °C, respectively. In the thermogram of the LFCs, all the peaks disappeared. In addition, in the spectra
of all LFCs, two thermal characteristic peaks of LEU positioned at 76.4 and 162.5 °C were shifted into lower
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melting points. Interestingly, the longer the chain of fatty acid that was used, the lower the melting point of
a conjugate was achieved. Collectively, it appears that the LFCs were in an amorphous state after conjugation.

Characterization of Self-Assembly of LFCs (LFNs)

To elucidate the secondary structure of the peptide after fatty acid conjugation, CD spectra of LEU and LFCs were
performed in water and 50% 2,2,2-trifluoroethanol (TFE) and are shown in Figure 6A and B, respectively. In water
solution, LEU and LFCs spectra were depicted with a single large negative peak at around 200 nm, featuring a major
random coil structure.’® In the solution of 50% TFE, three LFCs stilled performed predominantly random coil
structures like that of LEU with a single negative peak at around 203 nm. Herein, the remained unchanged secondary
structure of LEU in water and 50% TFE could be affected by the number of amino acids (9 amino acids) contained in
the peptide chain, as compared to CM4 (35 amino acids) or CAMEL (15 amino acids) as reported in previous
studies.’> Taken together, the CD results indicated that the self-assembled behaviors of three LFCs could be due to
the aggregations of hydrophobic tails of fatty acids in conjugates without affecting the secondary structure of LEU in
conjugates. The surface morphology of pure LEU and LFCs (C12, C16, and C18) was visualized by FE-SEM, as
shown in Figure 6C. Pure LEU was composed of a rectangular shape. The morphology of the LFNs was smooth and
spherical. However, in the case of LSC, some large particles were observed irregularly between the small nanopar-
ticles. The shapes of LLN and LPN were more uniform than those of LSN. It is presumed that it was difficult for the
fatty acids to form uniformized nanoparticles because of the hydrophobic fatty acid portion. This gives the effect of
fatty acid types on the physicochemical properties of self-assembled LFNs according to the hydrophobicity index of
fatty acids related to the chain lengths, including particle size. The physicochemical properties of the LFNs, such as
particle size, PDI, and zeta potential, were measured by DLS (Table 5). The particle sizes of LLN, LPN, and LSN are
68.2 + 1.8 nm (PDI 0.189 + 0.012), 77.4 £ 2.1 nm (PDI 0.174 + 0.041), and 102.0 + 4.6 (PDI 0.284 + 0.034) nm,
respectively. The zeta potential values of LLN, LPN, and LSN are 41.93 + 0.67 mV, 51.69 + 0.39 mV, and 66.07 +
2.23 mV, respectively, which indicates the high stability of nanoparticles. Furthermore, more positive nanoparticles
were taken up by the cell membrane than neutral or negative nanoparticles. One reason is that both sides of the
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Figure 6 Self-assembly characterizations of LFCs. (A) and (B) Secondary structure analysis of LEU and LFCs by CD spectroscopy in water and in TFE/water at ratio 50:50
(v/v), respectively. (C) SEM morphology of LEU and three LFNs, (D) short-time stability of LFNs in PBS pH 7.4, (E) short-time stability of LFNs in mimicking physiological
condition (5% HSA in PBS pH 7.4), and (F) permeation profiles of LEU and self-assembled LFCs (LFNs) through permeation barrier-membrane (PB-M) using Franz diffusion
cells (n = 3).

International Journal of Nanomedicine 2023:18 hetps: 2335
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ngo et al Dove

Table 5 Physicochemical Properties of Self-Assembled LEU-FA
Nanoparticles (LFNs)

LFNs Particle Size (nm) PDI Zeta Potential (mV)
LLN (C12) 682 % 1.8 0.189 £ 0.012 41.93 + 0.67
LPN (Cle) 774 £ 2.1 0.174 + 0.041 51.69 £ 0.39
LSN (C18) 102.0 + 4.6 0.284 + 0.034 66.07 £ 2.23

membrane surface are negatively charged.’® Therefore, the electrostatic interactions with negatively charged cell
membranes are favorable to entrap the negatively charged nanoparticles.*’

The short-time stability of three LFNs in pH 7.4 PBS without or with the supplemented human serum albumin (5% w/v HSA)
was performed and is illustrated in Figure 6D and E, respectively. In PBS without HSA, there was a slight increase in the particle
size of LLN with the shortest chain length of LA conjugated to LEU, while there was no significant difference in the particle size
distribution of LSN and LPN after 48 h incubation in PBS. On the other hand, in PBS containing 5% w/v HSA as mimicking
a physiological condition, there was an increase in particle size of all LSN after treating with HSA. Herein, the increase in particle
size of all LFNs could be the protein corona of the positively charged nanoparticles. Among the three LFNs, LLN showed a faster
increase in particle size as compared to LSN and LPN because of the dual impacts of protein corona and low stability in PBS of
LLN. Therefore, these results indicated that the chain length of conjugated fatty acids could affect the behaviors of self-assembly
of LFCs via the size and stability of nanoparticles (LFNs).

Together with the stability of LFNs, the enhanced permeation of conjugated fatty acids in terms of their carbon chain
lengths was investigated using Franz diffusion cells to compare the permeation of free drug and nanoparticles.*® The data
are shown in Figure 6F. To compare the self-assembly behaviors affecting the permeability of each conjugate, the same
concentration of LEU and each conjugate (1 mg/mL) was tested in a final volume for permeation study, instead of using
the same equivalent LEU concentration. The cumulative permeability rates of LFNs were 46.23 + 5.22% (LLN, C12),
36.18 + 2.31% (LPN, C16), and 18.29 + 2.12% (LSN, C18) until 12 hours. The LLN and LPN permeability rates had
greater values of 190.56% and 149.15%, respectively, compared to the same concentration of LEU solution. In contrast,
the LSN was inhibited from permeation to 80.13%. This is probably because stearic acid (C18) induces a decrease in the
fluidity of the cellulose membrane.>® This result implied that smaller lipophilic molecules could easily penetrate the
passively charged biological membrane.

The self-assembled nanoparticles are beneficial for the enhanced permeability of LEU via the elevated lipophilicity of
LFCs. The degradation of LFNs would be slower than in LFCs due to the self-assembled conformation of LFNs, possibly
extending the degradation of LEU against peptidases by the disassembly of nanoparticles followed by the hydrolysis of
inactive conjugates to convert into active LEU. Taken together, the enhanced permeability of LFCs and self-assembly of
LFNs could be beneficial to elevate the enhanced permeability and retention (EPR) effect for progressive accumulation in
the tumor.*’

Degradation Profiles of LFCs

Prodrugs are pharmacologically inactive or have poor pharmacological activity and should be converted into active drugs
in biological environments to elicit the desired pharmacological action. Therefore, the blood stability and conversion of
the LFCs prodrug into LEU were determined in human plasma. The stability of LFCs in human plasma was more
preferable to rat plasma because of the difference of proteins and enzymes, affecting to the binding capacity (protein
corona) of therapeutic agents with plasma proteins.

At first, to confirm the stability of LEU, an in vitro dissolution study was carried out under human plasma conditions.
Figure 7A shows the in vitro degradation profile of LEU in human plasma. The LEU concentration decreased to 58.28 +
5.88% of LEU over 21 days. In the same way, Figure 7B shows the degradation and conversion profile of LFCs in human
plasma, remaining only 5.65 + 5.30% for LLC (C12) and 8.99 + 5.92% for LPC (C16) within 21 days, while 10.23 +
6.21% LSC (C18) within 28 days. The synthesized prodrug was rapidly converted into LEU by the enzyme present in the
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Figure 7 Degradation profiles in human plasma of (A) LEU, (B) LFCs, and (C) conversed LEU concentration from LLC, LPC, and LSC (n = 3).

plasma. The speed of conversion is proportional to the chain length of the fatty acids. LLC (C12) was the least lipophilic
and rapidly converted to LEU, with 95.5 + 6.09% within 21 days, showed in Figure 7C. With other conjugated lengths of
fatty acid conjugation, LPC (C16) and LSC (C18) were converted with 92.42 + 6.47% and 90.74 + 7.74% within 21 and
28 days into active LEU, respectively.

Based on these results, the rate of decay of the prodrug or conversion to LEU was dependent on the chain length of
the fatty acids. All LFCs sustained drug release more than LEU alone due to the amphiphilic conjugational modification
of chemical structure and self-assembly as illustrated in Figure 6. Therefore, the structural modification of peptides and
biologicals provides several opportunities for proteolytic stability. The strategy of constructing the amphiphilic conjuga-
tional prodrug and its self-assembly can protect the prodrug from degradation by proteases and other enzymes.
Correspondingly, the fabrication of conjugated peptide drugs with fatty acids could be a challenging method to extend
the degradation of the half-life and control the biopharmaceutical druggability of an LEU peptide. It is worth mentioning
that LEU conjugation with fatty acids protects the LEU against enzymatic degradation. This enhancement could be the
potential to prolong the direct inhibitory activity of LEU for cancer treatment.****

Cytotoxicity of LFCs Against Cancer and Non-Cancerous Cell Lines

The cytotoxicity of LFCs was evaluated in both cancer cells and non-cancerous cell lines to determine the selectivity
index (SI) of each conjugate. As shown in Figure 8, the anticancer effect of all LFCs was significantly higher than the
parent LEU. The concentration of LFCs above 50 uM was considered to exhibit cytotoxicity to all cell lines with
a significant reduction of cell viability. Interestingly, there was chain length-dependent cytotoxicity against cancer cells
and non-cancerous cells in this study. In both normal cell lines, the shorter chain length in LLC and LPC exerted higher
toxicity as compared to the highest chain length of LSC. This trend was contrary to the performance of LFCs in cancer
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Figure 8 Cytotoxicity of LFCs against cancer cells and non-cancerous cell lines after 24 h of incubation by WST-1 assay. (A) Human prostate cancer cells (PC3), (B) human
dermal fibroblasts (HDFs), and (C) human foreskin fibroblasts (HFF-1).

cells. Among three LFCs, as calculated in Table 6, only LSC obtained the selectivity index value above 2 in both normal
cell lines, revealing the potential cancer targeting of LSC. The differences in selective toxicity to cancer cells over normal
cells among three LFCs could be explained by the self-assembly behaviors of LFCs and many differences in the
expression of receptors among these cell lines. In cancer cells, PC3 are well known as lipid-dependent cells, and mainly
utilize FAs from the external environment as energy for cell growth.”® Therefore, the overexpression of free fatty
receptors (FFARs) or CD36 membrane protein for the uptake of long-chain FAs extensively pronounced in previous
studies for the PC3 cell line could be advantageous for the higher uptake of LSC as compared to LLC.*' On the other
hand, the lower expression of FA receptors could reduce the active transport of LFCs through the cell membrane of
normal cells; thereby the cytotoxicity against normal cell lines could be explained through the self-assembled behaviors
of LFCs. As mentioned in the characterization of LFNs, LLN with the smallest particle size and the enhanced
permeability could easily enter intracellular space throughout the passive transport mechanism, as compared to LSN
with the larger size and the lower permeability. Therefore, the treatment of LSC caused less cytotoxicity toward normal
cell lines compared to LLC.

AntiProliferative Effects of LFCs on 2D Monolayer Culture Model

Figure 9A shows the effects of the one-time treatment of LEU and three types of free FAs on the proliferation of PC3
cells after 72 h incubation. Obviously, the increase of LEU concentration from 50 to 200 uM slightly inhibited the cell
growth but with no significant statistical difference. In addition, this inhibition of cell growth was inferior to the control
sample, which was higher than 100% of cell survival in all treated concentrations of LEU. This phenomenon could be
from the limited stability of LEU in serum.'? On the other hand, three free FAs performed their superior effects on the
antiproliferation of cancer cells, even at the smallest treated concentration (50 uM) as compared to in LEU. Among the

Table 6 The ICsq and Sl Values of LFCs in Cancer and Non-Cancerous

Cells
LFCs Cancer Cells Non-Cancerous Cells
PC3 HDFs HFF-1
I1Cso (1M) ICs0 (1M) Sl ICs50 (HM) sI
LLC 78.7 £ 10.6 459 £ 49 0.6 56.7 + 164 0.7
LPC 47.6 £ 6.3 358 + 48 0.8 48.7 £ 7.1 1.0
LSC 354 + 1.1 82.4 £ 10.0 2.3 707 £ 9.0 2.0

Notes: The ICs is defined as the concentration of experimental sample corresponds to
a 50% of cell growth inhibition. The selectivity index (SI) was calculated for each conjugate
following the formula: SI = ICsq of non-cancerous cell line / ICsq of cancer cell line.
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(scale bar: 250 pm) (n = 3). ¥**p < 0.001, **p < 0.0, analyzed by one-way ANOVA test.

Abbreviation: ns, no significance.

three FAs, SA with the longest chain length significantly inhibited cell growth. In agreement with our previous studies,
the chain length of FAs plays a vital role in modulating the cytotoxicity of cancer cells and the long-chain fatty acid, C18
exhibited significant performance to overexpressed free fatty acid receptors (FFARs) on cancer cells.?>*** To overcome
the shortcomings of LEU due to the stability issue, we continued studying the combination of LEU and free FAs at
50 uM in physical mixtures as illustrated in Figure 9B. Interestingly, the combination of longer chain of FAs (PA and SA)
and LEU enhanced the antiproliferative effect on cancer cells as compared to LEU alone or free FAs alone, while the
performance with shorter chain length, LA (C12), did not show the effect on cellular cytotoxicity. Herein, we assumed
that FAs can increase the stability of LEU in serum via the formation of complexation between the carboxylic group of
FA and the amine group of LEU.** Next, we performed the proliferation assay with a one-time and same dose (50 uM)
treatment of different samples, including LEU, free FAs, mixtures of LEU and FAs and three conjugates (LFCs),
shown in Figure 9C. The treatment of the shortest chain length (C12) alone or in the combination of LEU at the dose
of 50 uM did not exert a significant inhibition of cell growth after 3 days as compared to that of its conjugate (LLC).
Notably, all three LFCs showed a superior and synergistic inhibitory effect on cell growth as compared to other samples
due to the slow degradation of LFCs in serum mentioned in the previous degradation study. Furthermore, the enhanced
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permeability of LFCs via the increased lipophilicity and self-assembly by modification with fatty acids could improve the
cell-penetrating activity of LFCs.**

To further confirm the direct antiproliferation effect of LEU in an androgen-independent cell line, we performed
a daily treatment of LEU for 4 days at the same dose of 50 pM with other tested samples.”® The results are shown in
Figure 9D and E. Quantitatively, in this study, LEU showed its ability in antiproliferation of cancer cells with 8.9% of
inhibition effect, which is significantly enhanced as compared to previous cell culture studies by one-time treatment. In
contrast, the daily treatment of shortest chain length FA (C12) alone or with combined LEU did not perform well the
same as in LEU alone and in other longer chain lengths (C16 and C18). In previous research, Vanacker et al investigated
the effects of different FAs including LA, PA and SA on the proliferation of peripheral blood mononuclear cells (PBMC)
and indicated that all tested fatty acids, excluding lauric acid, significantly reduced the proliferation of cells in a dose-
dependent manner.** Among three LFCs, LSC with the longest chain length of conjugated FA (C18) exhibited a
significant antiproliferative effect with only 1.1% of cell survival (compared to control) after 4 days of treatment.

Figure 9E performed the fluorescence images of a live/dead assay of PC3 cells treated samples after 4 days of
incubation. The presence of live cells (green color) was proportional to the data quantified in Figure 9D. Three
conjugates showed the sparse intensity of live cells as compared to each component treated in the formulation.

Anti-Tumor Effects of LFCs in 3D Spheroid Culture Model

The 3D spheroid culture model assay is executed to analyze the therapeutic effect and tumor-penetrating capacity of anticancer
therapeutics. A previous report by Kimlin et al indicated that 3D spheroid culture obtains various in vivo characteristics of a solid
tumor such as invasion, angiogenesis, metastasis, tumor microenvironment, and drug penetration.*> As illustrated by the
improved inhibition outcomes in previous 2D monolayer cultures, we continued investigating the anti-tumor effects of three
conjugates and LEU at the concentration of 50 uM with a one-time treatment as compared to daily treatment of LEU-D for 7 days
throughout the observation of spheroid morphology and size shown in Figure 10. The control and LEU samples showed the
expansion of spheroid volume after day 3 and cells started to invade the spheroid body, showing the metastatic potential in cancer
development.*® In contrast, the treatment of three conjugates and daily LEU, LEU-D, exerted the inhibition of cells invaded from
the spheroid body. However, the treatment of the spheroid by LEU-D did not reduce of growth of spheroid volume as compared
to the control and LEU samples, as quantified in Figure 10B. On the other hand, three conjugates showed the inhibition of tumor
growth by slowing down the increase of spheroid volume as in the control, LEU, and LEU-D samples. Moreover, three
conjugates exerted a superior effect in killing cells inside the spheroid body, while the treatment of LEU-D enhanced the killing
effect on the edge of the spheroid. The enhanced anti-tumor effect observed in Figure 10A and B could be from the improved
serum stability and permeability of three conjugates as compared to LEU. In addition, the importance of the fatty chain length in
conjugate also supported the anticancer activity of LEU via the overexpression of FFARs on the cancer cells.** Therefore, among
three LFCs, LSC with the longest fatty chain length performed the clearest effects on inhibitory cancer growth with a significantly
reduced spheroid volume (**p < 0.01) and no cell invasion. Herein, we found that LEU could show its direct inhibitory effect on
cell growth if we performed the daily treatment during culture, which illustrates the limitation of LEU with low stability in serum.
By conjugating with FAs, LFCs enhance the anti-tumor effect of LEU by increasing the stability of LEU and strengthening the
direct inhibitory effect of LEU.

Conclusions

Guanidine-targeted conjugates of LEU with different chain lengths of fatty acids, including lauric, palmitic, and stearic
acids, were successfully synthesized. Different chain lengths of fatty acids affected the physicochemical properties of
conjugates in terms of degradation rate, self-assembly behaviors, and peptide permeation. By conjugation with fatty
acids, the stability of LEU in human plasma/serum was significantly improved throughout the self-assembled behaviors
together with the slow degradation rate. Furthermore, different chain lengths of saturated fatty acids could provide
versatility to synthesize LEU conjugates to form LFNs for enhanced peptide permeability. More importantly, our research
indicated that conjugation of different chain lengths of fatty acids not only enhanced the physicochemical properties of
LEU, but also effectively improved the anticancer activity of LEU by exerting a superior direct inhibitory effect on the
growth of prostate cancer cells and tumors in 2D monolayer and 3D spheroid cell culture studies. Among three chain
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lengths of conjugated FAs, LSC with the longest chain length showed its balance between efficiency and selectivity for
cancer targeting with the highest antiproliferative effect in the PC3 cell line and lower cytotoxicity against normal cell
lines. Taken together, this finding appears to be more effective and potential for improving anticancer activity against
several hormone-responsive tumor systems using therapeutic peptides, especially for some cancer models that are
resistant to hormone therapy by exerting an additional superior direct inhibitory effect with conjugated long-chain
fatty acids.
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