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ABSTRACT ARTICLE HISTORY
4-Phenylbutyric acid (PBA) is a small molecule with promising therapeutic potential for treating Received 23 December 2024
various diseases, including cancer and neurodegenerative disorders, due to its dual ability to reduce Revised 2 March 2025
endoplasmic reticulum stress and inhibit histone deacetylases. However, its clinical application is ~ Accepted 17 March 2025
hindered by rapid clearance from the body, necessitating frequent dosing that increases the risk of KEYWORDS

adverse effects. To address these limitations, we developed a nanoparticle-based prodrug 4-phenylbutyric acid;
(Nano®%) utilizing the amphiphilic block copolymer poly(ethylene glycol)-b-poly(vinyl 4-phenylbu- endoplasmic reticulum stress
tyrate) [PEG-b-P(VPBA)]. This system self-assembles into micelles, enabling controlled and sustained modulation; amphiphilic
PBA delivery. The synthesis and characterization of Nano™" revealed its high stability under block copolymer micelle;
physiological conditions and enzyme-responsive PBA release. Nano™* demonstrated a controlled chemical chaperone;
release profile in vitro, reducing burst release while maintaining therapeutic efficacy. Cytotoxicity prodrug of short chain fatty
assays using normal cell lines, including endothelial cells (BAEC), macrophages (RAW264.7), and rat ~ 2€id; sustained drug release
gastric cells (RGM-1), showed minimal cytotoxic effects compared to the parent low-molecular-

weight PBA. Furthermore, in vivo studies conducted in healthy C57BL/6J mice confirmed Nano™®*'s

biocompatibility, with no significant adverse effects observed at therapeutic doses ranging from

200 to 500 mg-PBA/kg via oral administration. In conclusion, Nano”®* offers a controlled release

profile, enhanced biocompatibility, and reduced toxicity, addressing the limitations associated with

conventional PBA administration. These attributes make Nano'>* a promising candidate for

improving the therapeutic efficacy and safety of PBA in clinical applications, particularly in diseases

where maintaining consistent drug levels is crucial for treatment outcomes.
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We developed a self-assembled nanoparticle-based prodrug (Nano using an amphiphilic
block copolymer for controlled 4-phenylbutyric acid (PBA) delivery, enabling enzyme-triggered
release and improved therapeutic efficacy.
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1. Introduction

Endoplasmic reticulum (ER) stress arises when the
influx of proteins into the ER exceeds the capacity to
process them, often due to factors such as protein
misfolding or reduced calcium levels in the ER [1,2].
In response, cells activate the unfolded protein
response (UPR), which aims to restore ER function
by halting protein translation, degrading misfolded
proteins, and simultaneously increasing molecular
chaperones to aid proper protein folding. If these
objectives are not achieved, the UPR can lead to apop-
tosis [1-3].

ER stress represents a key role in cancer develop-
ment by interacting with oncogenic signalling path-
ways, upregulating survival pathways, angiogenesis,
and metastasis [4]. It also contributes to chemoresis-
tance, reducing the effectiveness of conventional can-
cer therapies [4], and modulates the immune
response, enabling immune evasion by tumors [5].
Targeting ER stress pathways, particularly to activate
the UPR and induce cancer cell death, are being
explored as a potential cancer treatment, with com-
pounds like Tamoxifen, Faslodex, trimethylamine
N-oxide, and 4-phenylbutyric acid (PBA) under inves-
tigation [6-9].

PBA, an aromatic short-chain fatty acid (SCFA), is
Food and Drug Administration (FDA) approved for
treating urea cycle disorder by scavenging ammonia
and aiding detoxification [10]. It also inhibits histone
deacetylases (HDACs), leading to gene expression
changes that can induce cell cycle arrest, apoptosis,
and differentiation — key processes in cancer treatment
[11]. PBA functions as a low-molecular-weight
(LMW) chemical chaperone, aiding the refolding of
misfolded proteins and reducing the endoplasmic reti-
culum (ER) stress, which may benefit neurodegenera-
tive diseases like Alzheimer’s [12,13]. Although the
precise mechanism is not fully understood, it is
believed that PBA interacts with the hydrophobic
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Figure 1. Design of self-assembling block copolymer-based 4-phenylbutyric acid prodrug (Nano
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regions of misfolded proteins, preventing aggregation
and reducing the accumulation of misfolded pro-
teins [14].

Despite promising anti-cancer effects of PBA
in vitro [11,15], reports on its in vivo efficacy are scarce
due to poor pharmacokinetics, including rapid initial
increase in blood drug concentration followed by
a sharp decrease and fast clearance and rapid metabo-
lism and clearance from the body following adminis-
tration [16]. The brief half-life of PBA is
approximately 45 min, renders it challenging to sus-
tain its inhibitory effect on ER stress in the liver tissue
over an extended period [16]. Consequently, frequent
administration of the drug is necessary to maintain the
desired effect, leading to adverse effects such as taste
disorders, gastrointestinal disturbances, and men-
strual insufficiency [17]. The mitigation of these com-
plications  via  improving  pharmacokinetic
characteristics is a crucial aspect of the prospective
utilization of PBA as a therapeutic agent.

SCFAs like propionic acid and butyric acid are
therapeutically effective but have poor pharmacoki-
netic properties. To address this, we have incorpo-
rated SCFAs into amphiphilic block copolymers as
prodrugs, which self-assemble into polymeric
micelle-type nanoparticles, enhancing their thera-
peutic efficacy (Figure 1) [18-21]. These micelles
are comprised of an amphiphilic block copolymer,
poly(ethylene glycol)-b-poly(vinyl SCFA), which
self-assembles into tens of nanometer-sized micelles
(Nano®“f*) under aqueous conditions [18-21]. Our
previous research has shown that polymeric micelles
constructed from amphiphilic block copolymers
remain stable even at low concentrations despite
being self-organized molecular assemblies. This sta-
bility is attributed to the entanglement of hydropho-
bic chains in the core and the dense polyethylene
glycol (PEG) brush forming the shell, which

PBA
Therapeutic
_ o pEG

Self-assembly Biocompatibility
Dispersion

NanoPBA Stability

D;; =38 —50 nm

PBA). Poly(ethylene glycol)-b-poly

(vinyl phenylbutyrate) (PEG-b-P(VPBA)) is composed of hydrophilic PEG and hydrophobic poly(vinyl phenylbutyrate), which self-
assembles into polymer micelle under aqueous condition with 38-50 nm of hydrodynamic diameter [18-21]. Several dozens of
units of 4-phenylbutyric acids are conjugated to the main polymer chain through enzyme-cleavable ester linkage [18-21].
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suppresses particle aggregation and protein adsorp-
tion, enabling effective dispersion even under harsh
in vivo conditions [18-21]. As a result, these micelles
exhibit significantly higher accumulation in the
intestinal mucosa compared to commercially avail-
able polystyrene nanoparticles when administered
orally. Once in the intestinal mucosa, these self-
assembled polymeric micelles gradually disintegrate
under high viscosity and protein-rich conditions,
exposing the encapsulated SCFA esters in the core
and allowing them to undergo enzymatic hydrolysis.
Building on these findings, we have developed
a PBA-based self-assembled prodrug (Nano"®*) con-
sisting of an amphiphilic block copolymer, poly
(ethylene  glycol)-b-poly(vinyl  phenylbutyrate)
(PEG-b-P(VPBA)) to overcome its drawbacks of
PBA. Nano™®* is anticipated that LMW PBAs con-
jugated to the hydrophobic segment of the polymer
via an ester linkage will be hydrolytically liberated by
physiological esterase, thereby enhancing their phar-
macokinetic properties such as controlled and sus-
tained release for an extended period (Figure 1) [18-
21]. The objective of this study is to synthesize PEG-
b-P(VPBA) with different PBA units, prepare their
respective Nano"®#, their in vitro characterization
such as critical micelle concentration (CMC), stabi-
lity studies, PBA release profile, and dose-dependent
safety studies in a healthy C57/BL6 mice in compar-
ison with LMW PBA.

2. Materials and methods
2.1. Materials and reagents

All the chemicals used for the synthesis were pur-
chased from Sigma-Aldrich (Japan), Tokyo Kasei
Kogyo Co. (Japan), and Fujifilm Wako Pure
Chemical (Japan) and were used as received [18-26].

2.2. Synthesis of MeO-PEG-CH,PhCH,Cl

The synthesis of MeO-PEG-CH2PhCH2Cl was per-
formed following a previously reported method with
some modifications (Figure 2) [18-20]. Briefly, the
benzyl chloride group was introduced at the end of
MeO-PEG-OH. Fifty grams of MeO-PEG-OH (5 k)
were dried in an flask under vacuum at 110°C for 12 h.
Afterward, 100 mL of super-dehydrated tetrahydro-
furan (THF) was added under a nitrogen atmosphere,
followed by 13 mL of butyllithium (BuLi, 1.6 M in
hexane, 20 mmol) to convert the hydroxyl end groups
of MeO-PEG-OH into lithium alkoxide at a 1:2 molar
ratio. Seventeen grams of a,a-dichloro-p-xylene
(100 mmol) was then added to the solution and stirred
at 50°C for 48 h. Once the reaction was complete, the
polymer solution was precipitated in isopropyl alcohol
(IPA) at -30°C and centrifuged at 15,000 x g for
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15min at —4°C. The precipitated polymer was dis-
solved in methanol and re-precipitated in cold IPA.
This process was repeated three times to remove
unreacted a,a-dichloro-p-xylene and to purify the
MeO-PEG-CH2PhCH:Cl polymer. The purified poly-
mer was vacuum-dried at room temperature (around
25°C) for 12 h to eliminate any residual IPA. Finally,
the polymer was characterized using proton nuclear
magnetic resonance (*H-NMR, JEOL 400 MHz) and
gel permeation chromatography (GPC, JASCO Co.
Ltd. CO-2060Plus, column: TSKgel-GMH-M) with
THF as the eluent.

2.3. Synthesis of MeO-PEG-Xanthate (CTA)

MeO-PEG-xanthate was synthesized as a chain
transfer agent for reversible addition-fragmentation
transfer (RAFT) polymerization with minor modifi-
cations to previous methods (Figure 2) [18-21] as
follows; 5g of MeO-PEG-CH,PhCH,CIl was dis-
solved in 50 mL methanol under N, atmosphere,
followed by the addition of 0.21g of potassium
ethylxanthate and stirred at room temperature for
4 h. After the reaction, the solution was filtered with
filter paper (pore size: 7 um, thickness: 0.22 mm)
and Celite (FUJIFILM Wako Pure Chemical) to
remove the impurities. The filtered solution was
precipitated in IPA at -30°C and centrifuged at
15,000 x g for 15min at —4°C. The precipitated
polymer was dissolved in methanol and re-
precipitated in cold IPA. This process was repeated
three times to remove the unreacted potassium
ethylxanthate and purify the MeO-PEG-xanthate.
The polymer was then vacuum-dried for 12h to
remove any residual solvent. The chemical structure
of the obtained polymer was analysed by 'H-NMR
and GPC in THF as eluent.

2.4. Synthesis of 4-phenylbutyric acid vinyl (vinyl
4-phenylbutyrate)

Vinyl 4-phenylbutyrate (VPBA) as a monomer for
RAFT  polymerization was synthesized by
a transvinylation reaction (Figure 2) [27]. Sixty
grams of PBA, 17.5mg of palladium(II) acetate
(Pd(OAc),), and 70 mg of potassium hydroxide were
added in a flask under an N, atmosphere. Then, 75 mL
of vinyl acetate was added and stirred at room tem-
perature for 72 h. After the reaction, the solution was
filtered through Celite to remove Pd(OAc),, and then
the unreacted vinyl acetate and acetic acid were
removed using a rotary evaporator. The same amount
of Pd(OAc),, potassium hydroxide, and vinyl acetate
were then added to the resulted solution and reacted
again at room temperature for another 72 h. After the
reaction, impurities were removed in the same man-
ner as described above. The pure vinyl
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(a) Synthesis scheme of 4-phenylbutyric acid vinyl (PBA)

Vinyl acetate KOH, Pd(OAc),, 7 days

(b) Synthesis scheme of PEG-b-P(VPBA)
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Figure 2. (a) Synthesis scheme of 4-phenylbutyric acid vinyl. (b) Synthesis scheme of PEG-b-P(VPBA) block copolymer by RAFT

polymerization.

4-phenylbutyrate was purified by distillation at 80°C
under 20 Pa (boiling point: 273 °C). The structure of
the obtained compound was analysed by "H-NMR.

2.5. Synthesis of MeO-PEG-b-P(VPBA)

The amphiphilic block copolymer, MeO-PEG
-b-P (VPBA), was synthesized by RAFT polymeriza-
tion of VPBA in the presence of MeO-PEG-xanthate
(Figure 2) [17-19]. The synthesized MeO-PEG-
xanthate, VPBA, and 2,2’-azobis(isobutyronitrile)
(AIBN) were mixed in a flask. The nitrogen gas was
bubbled through the solution for 10 min to remove
oxygen and the reaction was carried out at 60°C in an
oil bath for 48 h. After the reaction, 50 mL of tetrahy-
drofuran (THF) was added to dissolve the reaction
mixture completely. The solution was then added to
1000 mL of IPA at —30°C, and the polymer precipitate
was collected by centrifugation (15,000 rpm, 2000 x g,
15 min). The supernatant IPA was then discarded, and
the precipitate was completely dissolved by heating at
60°C. The polymer was precipitated with cold IPA and

centrifuged again. This process was repeated thrice.
Finally, the polymer was dried under reduced pressure
at room temperature. The chemical structure and the
molecular weight and the distribution of the obtained
polymers were analysed by "H NMR and GPC in THF
eluent. The block copolymer with different degrees of
polymerization was prepared by changing the molar
ratio of VPBA to MeO-PEG-xanthate.

2.6. Preparation of 4-phenylbutyric acid
nanoparticles (Nano”®*) and stability studies

4-Phenylbutyrate-installed nanoparticles
(Nano”®?) were prepared via self-assembly of
amphiphilic ~ block  copolymer  MeO-PEG
-b-P(VPBA) under aqueous conditions [17-19].
One hundred milligrams of the block copolymer
was dissolved in 1 mL of N,N-dimethylformamide
(DMF) and was dialyzed against deionized water (2
L, 1/2000, v/v) using a semipermeable membrane
(MWCO = 3.5 kDa, Spectra/Por®, U.S.A.) for 3-4
days, with the dialysate changed every 12h. The
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size of the resulting micelles was measured by
dynamic light scattering (DLS) using a Zetasizer
Nano ZS (Malvern, UK).

The effect of polymer concentration on micelle
formation at room temperature was evaluated using
DLS, as previously described [20,28]. CMC of
Nano"®* was determined using a fluorescent probe
method with pyrene (Sigma-Aldrich). Briefly, 6 x 10~
> M pyrene solution in acetone (10 uL) was added to
1.5mL vials and allowed the acetone to evaporate
completely by incubating at 30°C for 30 min. Various
concentrations of Nano">* polymer solution (1 mL)
were then added to the vial containing pyrene to
achieve a final pyrene concentration of 6x 10~ 7
M. The samples were equilibrated overnight at room
temperature (25°C) with agitation at 100 rpm. Pyrene
fluorescence excitation spectra were measured with an
emission wavelength (A.,) of 370nm using
a fluorescence spectrophotometer (F-7000, FL
Solutions 4.2, Hitachi High-Tech, Japan).

The stability of the micelles over a pH range of 1-13
was evaluated by dynamic light scattering (DLS) mea-
surements. A 0.5 mL aliquot of the prepared Nano"®*
solution (10 mg polymer/mL) was mixed with 2.5 mL
of hydrochloric acid (0.1 M) or sodium hydroxide
solution (0.1 M), and the pH was adjusted with gentle
stirring. The size distribution and polydispersity index
(PDI) of the Nano"®* solution were then monitored
by calculation of scattering intensity over
a predetermined time frame (0-48h) to assess its
stability as a function of pH.

To evaluate the time-dependent stability of the
micelles in a sodium chloride (NaCl) solution, and
NaCl solution (300 mM, Milli-Q water) was mixed
with the Nano"®* solution (10 mg-polymer/mL) in
a 1:1 ratio (final concentration is 150 mM). The sam-
ples were incubated at 37°C with gentle shaking at
100 rpm. The size distribution and PDI were measured
at various time intervals (0-48 h) by calculation of
scattering intensity using DLS.

The stability of micelles under digestive conditions
was evaluated using fed-state simulated intestinal fluid
(SIF, Biorelevant) and fed-state simulated colonic fluid
(SCF, Biorelevant). Nano™®* (20 ug PBA/mL) was
mixed with SIF or SCF in a 1 : 1 ratio, resulting in
a final concentration of 10 ug PBA/mL. The samples
were incubated at 37°C with gentle shaking at
100 rpm. Size distribution were measured at various
time intervals (0-48 h) by analyzing scattering inten-
sity using DLS.

2.7. In vitro release profile of PBA from Nano”®*

An in vitro release profile was conducted to validate
the enzyme-responsive release of PBA from Nano"**
[18-20]. Nano"®* (10 ug PBA/mL) was mixed with
esterase (40 U/mL) in 1 mL of phosphate-buffered
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saline (PBS), and simulated digestive fluids (SIF and
SCF) (Biorelevant)over a period of 0-48 h. The release
of PBA was monitored wusing a Liquid
Chromatography/Mass Spectrometry (LC-MS/MS)
system, which included a HITACHI LaChrom
ULTRA liquid chromatograph coupled with an AB
Sciex API 2000 mass spectrometer. An ODS-100Z
TSK-gel (3 um) column was used for separation of
the targeted peaks. The mobile phase, comprising
acetonitrile (ACN) and water (H20) in a 1:1 ratio
with 0.1% formic acid (FA), was employed as the
running solvent for liquid chromatography (LC). The
total ion chromatogram (TIC) was used to evaluate the
mass spectra of the precursor and fragment ions. The
mass-to-charge ratio (m/z) of the precursor ion of
PBA was detected as 162.9 Da under the following
MS conditions: negative mode, delustering potential
of —24, focusing potential of —320, entrance potential
of -10, and ion spray voltage of -4500
V. A characteristic fragment ion with an m/z of 91.2
Da was identified from the precursor ion. The samples
were centrifuged at 15,000 x rpm for 30 min at 4°C,
and the supernatants were diluted with 50% ACN
containing 0.1% FA. Fifty microliters of each sample
were injected into the LC-MS/MS system, with a flow
rate of 0.2 mL/min. The liberated PBA was quantified
using a calibration curve prepared with several
authentic PBA solutions in PBS, SIF, and SCF.

2.8. Cytotoxicity of Nano"®*

Viability assays were performed according to the man-
ufacturer’s instructions (Cell Counting Kit-8, Dojindo
Laboratories) [20]. The macrophage cell line
(RAW264.7), bovine aortic endothelial cell line
(BAEC), and rat gastric epithelial cell line (RGM-1)
were seeded at a density of 7,000 cells per well in 96-
well plates. Following overnight incubation, the cells
were exposed to several equimolar concentrations of
Nano"®* and LMW PBA. After 24 h, the cells were
washed with warm PBS (twice) to remove any traces of
samples and incubated further for 2 h with 2-(2-meth-
oxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2 h-tetrazolium, monosodium salt (WST-8)
diluted in fresh medium (100 pym). The amount of
formazan formed was measured at 450 nm, with back-
ground correction at 600 nm, using a microplate
reader (Thermo SCIENTIFIC VARIOSKAN FLASH,
Type 3001). The final optical density values were
expressed as a percentage of the untreated control.

2.9. In vivo toxicity

The animal studies in this work were conducted
according to the guidelines of the Institutional
Animal Care and Use Committee at the
University of Tsukuba (approval no. 23-309) [19-
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21,27]. The mice were housed in a pathogen-free
environment with controlled conditions, including
52.5+12.5% humidity, 23.5+2.5°C temperature,
and a lighting schedule from 5:00 to 19:00. They
had free access to standard chow diet. The mice
were acclimated for one week before experiments
began. Male C57BL/6] mice, obtained from the
Jackson Laboratory (Japan), were used for the
studies.

After a one-week acclimation period, male
C57BL/6 mice (5weeks of age) were randomly
assigned to 13 groups (n=3), including a healthy
control group (water only), three groups treated
with PBA at doses of 100, 200, and 500 mg/kg
body weight (BW), and nine groups treated with
Nano’®* at the same PBA doses, but with three
types of degrees of polymerization (m=9, 30, 49)
(100, 200, and 500 mg-PBA/kg BW). The sample
solutions were administered orally in a single dose,
and the mice were observed for 14 days. The
changes in discomfort, food intake, sample con-
sumption, and body weight were monitored.
Following a 14-day observation period, the mice
were euthanized under anesthesia, and blood and
plasma samples were collected. Hematological
parameters, including red blood cells, white blood
cells, hemoglobin, and platelets, were quantified
using a blood cell counter (Celltac a, Nihon
Kohden, Japan). Serum biochemical analysis was
performed, including alanine transaminase (ALT),
aspartate aminotransferase (AST), creatinine
(CRE), blood urea nitrogen (BUN), albumin
(ALB), creatine phosphokinase (CPK), and lactate
dehydrogenase (LDH), using an automatic bio-
chemical analyser (FUJI DRI-CHEM 7000V,
FUJIFILM, Japan). Additionally, the weights of
the liver, spleen, and kidneys were measured to
assess any potential toxicity resulting from the
treatments.

2.10. Statistical analysis

The statistical analyses between the groups were
performed using GraphPad Prism software version
9 (GraphPad Software Inc., San Diego, CA, U.S.A.).
One-way ANOVA was employed to substantiate
the statistical disparity between the groups.
A p-value of less than 0.05 was considered statisti-
cally significant, indicating a meaningful difference
between the groups.

3. Results
3.1. Synthesis of MeO-PEG-b-P(VPBA)

The amphiphilic block copolymer, MeO-PEG-b-P
(VPBA), was synthesized by reversible addition-
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fragmentation chain transfer (RAFT) polymerization
(Figure 2) [19-21,27]. The vinyl 4-phenylbutyrate
(VPBA) was prepared via a transvinylation reaction
(Figure 2a). A PEG-based chain transfer agent,
MeO-PEG-xanthate, was synthesized according to
our previous articles [19-21,27]. RAFT polymeriza-
tion of VPBA was carried out in the presence of
MeO-PEG-xanthate, initiated with AIBN as the radi-
cal initiator, resulting in the formation of MeO-PEG
-b-P(VPBA) (Figure 2b). The molar ratio of VPBA
to MeO-PEG-xanthate was varied using PEG with
a molecular weight of 5 kDa, to obtain polymers
with different compositions. The hydrophobic poly
(vinyl phenylbutyrate) (P(VPBA)) segments in the
block copolymer consist of tens of PBA units,
which are introduced as side chains via ester bonds
(Figures 1 and 3a). As shown in the '"H-NMR spec-
trum (Figure 3b-d), approximately 9, 30, and 49
PBA units were introduced to the polymer
backbone.

The GPC traces of PEG-b-P(VPBA) showed higher
molecular weights for all samples (m =9, Mn = 5,600,
Mw/Mn = 1.44; m =30, Mn = 6,959, Mw/Mn =1.61;
m =49, Mn = 8,501, Mw/Mn = 1.70) compared to com-
mercial MeO-PEG-OH (Mn = 4,829, Mw/Mn = 1.09)
and MeO-PEG-xanthate chain transfer agent
(Mn = 5,130, Mw/Mn = 1.20) (Figure 3e—f). The pre-
sence of two peaks in the GPC measurements of PEG
is attributable to the commercial methoxy-PEG-OH
(Merck), which inherently contains two peaks. These
results demonstrate the successful synthesis of PEG-
b-P(VPBA) with varying PBA units.

3.2. Preparation of Nano”®* and its stability
under physiological conditions

Nano"®*s were prepared by the self-assembly of
amphiphilic PEG-b-P(VPBA) block copolymers in an
aqueous solution. The PEG-b-P(VPBA) polymer, dis-
solved in DMF, was subjected to dialysis against dd
water for several days using a semi-permeable mem-
brane (MWCO =3.5 kDa), with the dialysate being
changed twice daily. The ratio of polymer solution
versus dialysate was 1/2000 mL. The hydrodynamic
size (Dy) of the obtained micelles (Nano'®*) was
determined by DLS. The intensity and volume distri-
butions of Nano""* revealed that the hydrodynamic
diameter varied with the number of PBA units in the
poly(vinyl ester) segments (m =9, 38.3+0.72 nm,
22.2+6.59 nm; m =30, 40.8 +0.25nm, 29.7 + 1.47
nm; m=49, 50.4+0.28 nm, 42.8+0.85nm) with
a narrow polydispersity index (PDI) (m=9, 0.25+
0.02; m=30, 0.14+0.01; m=49, 0.09+0.01) and
autocorrelation curve with minimal fluctuation at
room temperature, indicating uniformity in the
micelle size (Figure 4a—c, Table 1).
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Figure 3. Analysis of the synthesized polymer by 'H-NMR and GPC. (a) Structure of PEG-b-P(VPBA). 'H-NMR spectrum of (b) m =9,
(c) m =30, and (d) m =49 units of the block copolymer. The degree of polymerization (DP) was calculated by integral value. (e) The
GPC curves of the polymers. (f) Calculated molecular weight of the polymers by GPC.

Following successful micelle preparation, we evalu-
ated the stability of Nano"* under various pH condi-
tions to check its suitability for oral administration. The
stability of Nano"®* was assessed by the DLS para-
meters. As shown in Figure 4d-f, at acidic and neutral
pH conditions (pH =1-9), the PDI for each micelle
remained constant at all time points up to 48 h, while
under the strong alkaline conditions (pH = 10-13), an
increase in the PDI value was observed after 48 h. These
data suggest that under the conditions investigated,
Nano"®* is expected to maintain micelle structure in
the stomach, making it suitable for oral administration.
Some of the ester groups in the copolymer may have
been hydrolyzed under strong alkaline conditions, lead-
ing to an increase in the PDI over 48 h. The time-
dependent stability of Nano"™* (10 mg - polymer/mL)
was then evaluated in a physiological NaCl solution
(150 mM, Milli Q water). As shown in Figure 4g-i,

Nano’®* maintained its structural integrity in
150 mM NaCl, as evidenced by negligible changes in
the hydrodynamic diameter for at least 48 h. On the
other hand, the size of Nano"®* (10 mg polymer/mL) in
simulated digestive fluids (SIF, SCF) gradually
increased over time, as shown in Figure 4j-o. This
increase is likely due to the enzymatic and ionic activity
in the intestine, which facilitates micelle disintegration
and promotes aggregation by exposing hydrophobic
segments.

The impact of polymer concentration on nanopar-
ticle formation was evaluated by DLS. The CMC of
Nano’® was determined using pyrene as
a fluorescent probe, following previously described
methods [20,28]. Pyrene’s photophysical behavior
reflects its localization in either the hydrophobic core
of a micelle or a hydrophilic environment. The char-
acteristic vibrational band of pyrene (6 x 1077 M) at an
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Figure 4. Characterization of Nano®®*. (a) The intensity and (b) volume-based size distribution, and (c) auto correlation function of
10 mg-polymer/mL) under several pH at 37°C

Nano

PBA (

20 mg-polymer/mL) determined by DLS. The respective PDI of Nano

PBA (
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Table 1. Properties of Nano® for each formulation. Size, PDI, and CMC for each formulation of the

micelle were indicated.

Nano"®A Size (Intensity, nm) Size (Volume, nm) PDI CMC (mg/L)
m=9 38.3+0.72 22.2£6.59 0.25 £0.02 62.5
m =30 40.8 £0.25 29.7 £ 147 0.14 £ 0.01 59
m =49 50.4+0.28 42.8+0.85 0.09 £0.01 1.1

emission wavelength of A, = 370 nm shifts from I53,4
(pyrene in water) to I539 (pyrene within the hydro-
phobic core of the micelle). The ratio of I339 to I334
serves as an indicator of micelle formation. As shown
in Figure 4p-r, the data exhibited a sigmoidal response
in the I539/I334 ratio when plotted against the loga-
rithm of the PEG-b-P(VPBA) concentration. The
CMC values were determined based on the inflection
points in the sigmoidal emission curves and were
found to be approximately 62.5 mg/L (for m =9), 5.9
mg/L (for m = 30), and 1.1 mg/L (for m = 49) for PEG-
b-P(VPBA). The obtained data demonstrate that
increasing the length of the hydrophobic chain of
PEG-b-P(VPBA) reduces the CMC values, indicating
that micelles with longer hydrophobic chains have
enhanced stability. The results suggest that the nanos-
tructure of Nano">* demonstrates prolonged stability
in diluted biological fluids. This enhanced stability is
due to the thermodynamically controlled disintegra-
tion process of the polymeric micelles, where the
equilibrium between micelle formation and dissocia-
tion governs their structural stability over an extended
duration.

3.3. Enzyme-responsive PBA release from
Nano™?*

An in vitro release profile was determined to confirm
the enzyme-responsive PBA release from Nano"**
using an LC-MS/MS system. To optimize PBA detec-
tion, the mass spectra of the precursor ion (162.9 m/z)
and fragment ion (91.2 m/z) were used (Figure 5a)
[29]. A reliable calibration curve (R*=0.994) con-
firmed the suitability of the selected fragment ions
for accurate PBA detection (Figure 5b—c). Nano"**
solution (10 pg-PBA/mL PBS) was mixed with porcine
esterase (40 U/mL) and incubated for
a predetermined time (0-48 h), followed by detection
using standardized LC-MS/MS conditions. As shown
in Figure 5d-g, all Nano"®* groups showed evident
time-dependent liberation of PBA in the presence of
esterase compared with Nano"®* alone group,

liver

indicating a successful hydrolysis of the ester linkage.
In each formulation, PBA release exhibited
a plateauing trend after 24 h. Key operational para-
meters influencing esterase activity include tempera-
ture, pH, substrate concentration, and enzyme
concentration. As the enzymatic reaction progresses,
PBA bound to the block polymer might gradually
decrease, while its released concentration increases.
This released PBA can modify the reaction environ-
ment by altering pH or interacting with the enzyme,
potentially leading to enzyme inactivation and ulti-
mately halting the hydrolysis process. The PBA libera-
tion rate inversely correlated with the molecular
weights of the hydrophobic segment in the block copo-
lymers. Nano"®* with fewer PBA units, (i.e. shorter
hydrophobic  chain length) showed higher
liberation: m =9 (55.2+5.9%) > m =30 (27.6 +4.3%
> m=49 (17.7 £ 0.7%) (Figure 5h). These results are
corroborated by the area under the curve (AUC)
values of the release profile graph (Figure 5i), which
show that an increase in the hydrophobic segment
length reduces the PBA release rate. Furthermore, the
result of the release profile under SIF (Figure 5j-1), and
SCF (Figure 5m-o0) showed an enhanced release of
PBA compared to the PBS condition. These results
indicate that digestive conditions increase enzyme
interactions and promote hydrolysis, leading to
a higher release rate. This is likely due to shorter
chain lengths in the P(VPBA) segment reducing
hydrophobicity, which weakens the entanglement
and core coagulation force within the hydrophobic
core, thus accelerating core disintegration. Even short
chains, such as m =9, maintain sufficient stability
under harsh conditions, including low pH and high
ionic strength, typical of the gastrointestinal tract.

3.4. Cytotoxicity of Nano®®*

Cytotoxicity of Nano"™* was evaluated on several normal
cell lines: BAEC (endothelial cell), RAW264.7 (macro-
phages), and gastric RGM-1 using WST-8 assay. After
overnight cultivation, cells were treated with various

determined by DLS measurements: (d) m=9, (e) m=30, and (f) m=49. Stability profiles of Nano

PBA (10 mg-polymer/mL)

confirmed by size in NaCl solution (150 mm): (g) m =9, (h) m = 30, and (i) m = 49. The stability of Nano”®* (10 mg-polymer/mL)
were conducted under physiological condition using SIF: (j) m =9, (k) m =30, (I) m = 49, and SCF: (m) m =9, (n) m = 30, (0) m = 49.
The critical micelle concentration (CMC) was determined by pyrene method [15]. Fluorescence intensity ratio l339/1334 Obtained
from pyrene excitation spectra (Aem, =370 nm) in water (6 X 1077 M) in the presence of increasing concentration of PEG-b-P(VPBA)
(mg- polymer/mL) of each unit (p) m=9, (q) m =30, and (r) m =49.
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Figure 5. In vitro release profile of Nano™® under esterase enzyme (enz). Nano™" (10 pg-PBA/mL) was digested with esterase (40
U/mL) in 1 mL of PBS for predetermined time (0-48 h). The PBA release was detected using an LC-MS/MS system. (a) Mass spectra
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Figure 6. Cell viability studies of (a) bovine aortic endothelial cell (BAEC), (b) macrophage (RAW264.7), and (c) rat gastric epithelial
cell (RGM-1) by cell counting kit-8 assay. Cytotoxicity assay examined at 24 h post-treatment. The data are presented as the means

+ S.E.M; ¥*¥*¥¥p < 0.0005, Dunnett’s multiple comparisons test.

concentrations of Nano" > and LMW PBA (0-20 mmol -
PBA/L) for 24 h. In the PBA-treated group, a decrease in
cell viability was observed with increasing concentration,
with most cells exhibiting mortality at a concentration of
10 mM (Figure 6a—c). The 50% inhibitory concentration
(ICsp) of LMW PBA was determined to be 4.6 + 0.3 mM
(BAEC), 3.0+ 0.4 mM (RAW264.7), and 2.8 + 0.5 mM
(RGM-1). Conversely, the Nano">*-treated group exhib-
ited significantly high cell viability (non-detectable ICs,
value) at the same concentration of LMW PBA. No
discernible difference in cell viability was observed
between all Nano"™*-treated groups under the present
conditions.

3.5. In vivo toxicity

We further investigated the toxicological changes upon
Nano"™ and PBA administration in vivo by assessing
parameters such as body and organ weights, plasma levels
of organ damage markers, and hematology (Figure 7a).
Healthy C57BL/6] mice were orally administered PBA
and Nano"™* at equivalent doses (200, 500, and 1000 mg-
PBA/kg-BW; 1.2, 3.0, and 6.0 mmol-PBA-/kg BW) and
observed for 2 weeks. All treated groups showed a gradual
increase in body weight, similar to the non-treated group,
indicating no major toxicity (Figure 7b). Average food
consumption/mouse/day (Figure 7c) also did not show
any significant changes in all treated groups compared to
the non-treated group. Kidney weight (Figure 7d) and
spleen weight (Figure 7e) were comparable between the
non-treated group and all treated groups. Lower doses
(200, 500 mg/kg) of PBA and Nano">* were well toler-
ated. However, higher doses of PBA (1000 mg/kg),
Nano"®* (m = 30) (1000 mg/kg), and Nano"™®* (m = 49)

(1000 mg/kg)-treated groups resulted in lower liver
weight compared to the healthy group (Figure 7f).

Two weeks post-administration, no significant dif-
ferences were observed in RBCs (Figure 8a), WBCs
(Figure 8b), hemoglobin (Figure 8c), and platelets
(Figure 8d) between all PBA, Nano""*-treated, and
non-treated healthy groups. The plasma levels of liver
damage markers, ALT and AST, were measured, and
none of the PBA-treated groups showed significant
elevation (Figure 8e,f). Lower doses of Nano”®4 (100--
500 mg/kg) were well tolerated without liver damage;
however, the higher dose (1000 mg/kg) led to elevated
levels of ALT. Interestingly, no significant changes in
AST levels, another liver marker, were observed across
any Nano"™ groups, indicating that the chosen doses
were tolerable. Except for the high dose of PBA (81,000
mg/kg) and Nano"™* (m = 49) (1000 mg/kg), all other
groups showed comparable levels of kidney damage
markers, BUN and CRE to the untreated group
(Figure 8g,h). Furthermore, neither PBA nor Nano®BA-
treated groups showed significant changes in the
plasma levels of general markers ALB (Figure 8i), CPK
(Figure 8j) and LDH (Figure 8k) compared to the non-
treated control. These results indicate that the oral
administration of Nano"™* (200-500 mg - PBA/kg -
BW) did not exert any adverse effects as assessed by
plasma organ damage markers, hematological para-
meters, and organ weight, which implies the suitability
of the selected therapeutic dose.

4. Discussion

PBA is an FDA-approved drug used for the treatment
of urea cycle disorders. Additionally, it has shown

of precursor and fragment ions. (b) Calibration curve of various authentic concentrations of authentic PBA and (c) mass spectra in
PBS. (d)-(f) Mass spectrum of liberated PBA from Nano”® for each unit of polymer at predetermined time. (g) The PBA release rate
of Nano®® in PBS, (h) total liberation of PBA, and (i) the area under the curve (AUC). (j) The PBA release rate of Nano"®* under SIF,
(k) total liberation of PBA, and (I) AUC. (m) The PBA release rate of Nano"®* under SCF, (n) total liberation of PBA, and (o) AUC. The
data are presented as the means + S.E.M; ***p < 0.0002, ****p < 0.0001, Tukey’s multiple comparisons test.
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Figure 7. Body weight and organ weight of in vivo toxicity study. In this study, the mice (C57BL/6, male, 5 week) were divided into
following 13 groups (n = 3): healthy (water), PBA (100, 200, 500 mg/kg BW), Nano"®” for each unit of PBA (100, 200, 500 mg-PBA
/kg BW). Sample solutions were administered orally once on the first day and observed till 2 weeks (a). Body weight of PBA group

PBA

(b), Nano"®* m =9 group (c), Nano®* m = 30 group (d), Nano

PBA

m =49 group (e), and food consumption (f). Organ/body weight

(BW) (g-i) at the experimental end point. The data are presented as the means = S.E.M; *p < 0.05, **p < 0.005, ***p < 0.0005,

Dunnett’s multiple comparisons test.

efficacy in the managing cancer and neurodegenera-
tive diseases, including Alzheimer’s disease [11-13]. It
functions as a histone deacetylase (HDAC) inhibitor,
thereby modifying gene expression and inducing
apoptosis [11-13]. PBA has been demonstrated to
reduce ER stress by facilitating the refolding of mis-
folded proteins [11-13]. ER stress arises when the
quantity of protein entering the ER surpasses its capa-
city to process them, frequently due to misfolding or
low calcium levels. In response, cells activate the UPR,
which entails a reduction in protein production, the
degradation of misfolded proteins, and simultaneously
increasing chaperones to facilitate proper folding. In
the event that the stress is not effectively addressed, the
UPR may result in apoptosis. In the context of cancer,

ER stress supports survival pathways such as angio-
genesis and chemoresistance [2]. Consequently, redu-
cing ER stress can induce cancer cell death.
Therapeutic utilization of PBA is limited due to its
poor bioavailability which necessitates frequent dos-
ing, resulting in adverse effects [10,16,17]. To address
these pharmacokinetic limitations, a nanoparticle-
based prodrug, Nano" %, has been developed using
MeO-PEG-b-P(VPBA) amphiphilic block copolymers
(Figure 1 and 2) [18-21]. This design enables con-
trolled, enzyme-responsive drug release, enhancing
PBA’s stability, safety, and pharmacokinetics [18-20].
The synthesis of PEG-b-P(VPBA) with different
hydrophobic segments (m =9, 30, 49) was successfully
achieved, as confirmed by 'H.NMR and GPC
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Figure 8. Analysis of hematology and plasma chemistry of in vivo toxicity study (Figure 7). A complete blood count measurement
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(Figure 3). Nano""* was prepared by self-assembly of
amphiphilic PEG-b-P(VPBA) block copolymers in
water. The hydrodynamic diameter (38-50 nm), with
a PDI below 0.2, and the autocorrelation curve show-
ing minimal fluctuations at room temperature indi-
cates uniform micelle size (Figure 4a-c). The PEG
shell of Nano"®* improves stability and biocompat-
ibility by avoiding the formation of large aggregates
and interactions with proteins [18-21,24]. The average
Nano"™* size (38-50 nm) is ideal for avoiding rapid
clearance (<5.5 nm) and phagocytic system activation
(>100 nm) when administered systematically. This
size also allows for longer intestinal retention when
administered orally, improving micelle bioavailability
[24,25]. Unlike conventional drug delivery systems,
which physically entrap drugs in their core, the cova-
lent conjugation of PBA to the polymer backbone
prevents rapid leakage in vivo, minimizing potential
side effects [18-21,23].

In this study, we evaluated the stability of Nano"™*
for suitability for oral administration. The stability of
the prepared Nano”®* was investigated under various
pH conditions, ionic strength, simulated digestive
fluids, and polymer concentrations (Figure 4d-o).
We confirmed that regardless of the chain length of
the hydrophobic segment (P(VPBA)) and micelle size,
Nano"®* was stable in acidic and neutral conditions
(pH 1-9), and collapsed under strong alkaline condi-
tions (pH 9-13), indicating that all micelles would
possibly maintain structural integrity under low pH
condition of gastrointestinal (GI) tract. Stability stu-
dies under simulated digestive fluids showed that the
micelle size shifted to larger diameter range in a longer
time imply that the disintegration gradually occur by
enzymatic and ionic activity in the intestine, and
aggregation have formed. In the CMC evaluation,
Nano®®* (m =9) showed the highest CMC (62.5 mg/
L), followed by m =30 (5.9 mg/L) and m =49 (1.1 mg/
L). Results indicate that an increase in the number of
hydrophobic units in PEG-b-P(VPBA) leads to an
increase in the hydrophobic interaction of the micelle
core, resulting in the formation of stable micelles.
Nano"®* nanostructure remains intact for a longer
duration in diluted bodily fluids due to the thermo-
dynamically governed equilibrium between micelle
formation and disintegration, which contributes to
its structural stability. Under digestive conditions,
the micelles gradually collapse, exposing the ester
moieties on the outer surface and making them more
accessible [25,26,30]. These properties are promising
for the prolongation of Nano"™* retention in gastric
and intestinal fluids.

Previous research has shown that polymeric micelle
with PEGylated shell would accumulate in the intestinal
mucosa in a size-dependent manner, with smaller size
retaining in the gastrointestinal tract for a long period of
time after oral administration. Furthermore, PEG
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chains of the micelle may lead to adhesion of micelles
due to interdiffusion of mucus network and polymer
entanglement with mucin composed of glycoprotein,
increasing their intestinal residence time [24-26,30]. It
is anticipated that with an increase in the intestinal
residence time, the micelle will gradually collapse
because of the super diluted conditions lower than the
CMC, resulting in the exposure of ester moieties outside
the micelle. This will lead to an increase in the attack of
the intestinal enzyme against these moieties, thereby
liberating the LMW drug for an extended period of
time. To substantiate our hypothesis, an in vitro PBA
release profile was obtained (Figure 5). In the absence of
esterase, no PBA was detected. Conversely, when
Nano 4 was added to the esterase solution, a gradual
release of PBA was observed over time. The release rate
decreased as the number of hydrophobic units
increased, supporting the hypothesis that longer hydro-
phobic chains lead to more stable micelles and slower
drug release. In addition, the release rate increased
under digestive conditions such as SIF and SCF. These
observations suggest that Nano"™*, composed of
a polymer with a greater number of hydrophobic units
forming more stable micelles, takes longer to disinte-
grate due to interactions with esterase. In contrast,
polymers with shorter hydrophobic units exhibit faster
disintegration and accelerated PBA release through
hydrolysis. Furthermore, stability studies showed that
micelles disintegrate more slowly under SIF and SCF
conditions, indicating that the presence of enzymes and
ionic activity in the intestine promotes micelle degrada-
tion. This allows enzymes to access and briefly interact
with the hydrophobic segments, resulting in an
increased release rate. These results highlight the
importance of analyzing polymers with varying degrees
of polymerization, as these differences significantly
affect their in vivo characteristics. This indicates that
the disintegration of micelles is kinetically controlled
rather than thermodynamically, and that after exposing
the hydrophobic segment outside, they undergo hydro-
lysis through an enzymatic reaction.

To validate PBA liberation under in vivo condi-
tions, we previously confirmed the pharmacokinetic
parameters using radiolabeled Nano""*. '**Iodine
(*°I) was installed to phenyl moiety of Nano"®* and
orally administered to C57BL/6] mice [18]. After 24 h
of oral administration, a certain level of radioactive
signals was observed from blood, liver, kidney, spleen,
lungs, and heart, indicating a successful hydrolysis of
ester linkage of '*’I-Nano"™* in the GI tract. We also
confirmed that only liberated PBA was internalized
into the bloodstream, while the rest of the polymer
remains in the GI tract [18]. This pharmacokinetic
characteristic, i.e. the lack of nanoparticle internaliza-
tion and liberated short-chain fatty acids internalizing
the bloodstream, is critical to avoid potential adverse
effects or burdens on the clearance organs.
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Additionally, other than the oral route, we also con-
firmed the improvement of the pharmacokinetic pro-
file of PBA wusing parental intraperitoneal
administration [20]. Interperitoneally administered
1251 Nano™® to tumor-bearing mice (B16 melanoma)
showed high radioactivity signals in the blood and
tumor until 48 h, whereas LMW '2°I was cleared
within 24 h of administration [20]. Our previous phar-
macokinetic evaluations confirm that the polymer
design may achieve improved bioavailability of PBA,
which subsequently leads to higher efficacy in the
disease models. In the future, comparative PK studies
of Nano®* should be conducted using various
dosages and different routes of administration, includ-
ing oral, intraperitoneal, intravenous, and subcuta-
neous methods, in both healthy and diseased mouse
models. It will be more interesting to compare with
those of low-molecular-weight counterparts.

One of the most crucial elements in the advance-
ment of novel biomaterials is their biocompatibility. If
the material to be utilized within the human body is
not biocompatible, the immune system may mount an
immune response, potentially leading to the impair-
ment of biological function. In the present study, the
cytotoxicity of Nano"™ was evaluated using BAEC,
RAW-264.T, and RGM-1. The viability results show
the Nano""*-treated group did not decrease in cell
viability relative to the PBA group at a high concen-
tration range (Figure 6). The primary rationale for this
phenomenon might be attributed to the fact that the
surface of Nano"™* is coated with densely packed PEG
tethered chains, which effectively inhibits the uptake
capacity of normal cells and thus prevents rejection
when in contact with cells [30-35]. Our data suggest
that the Nano"™* prepared in this study displays mini-
mal cytotoxicity in vitro compared with LMW PBA.
We further investigated the toxicological changes
upon Nano""* and PBA administration (Figures 7
and 8). The results indicate that the oral administra-
tion of Nano"®* (200-500 mg - PBA/kg - BW) did
not exert any adverse effects as assessed by plasma
organ damage markers, hematological parameters,
and organ weight, while in administration at higher
concentration (1000 mg - PBA/kg - BW) showed
effects on organs, which implies the suitability of the
selected therapeutic dose to be less than 500 mg -
PBA/kg - BW [18-21]. In the context of nanoparticle-
based applications, the PBA concentration does not
exhibit a rapid increase in the initial stages, thereby
reducing the likelihood of PBA-induced toxicity.
Conversely, the administration of micelles at remark-
ably elevated concentrations has the potential to
induce kidney toxicity, a phenomenon that may be
attributable to disruptions in the bile acid cycle,
including bile acid adsorption within the digestive
tract.

K. MAEDA et al.
In conclusion, Nano"™* represents a promising
advancement in the field of prodrug delivery systems,
particularly for enhancing the pharmacokinetics and
therapeutic efficacy of PBA, and differs from conven-
tional methods that simply involve physically encap-
sulating drugs into nanoparticles. By employing
a polymeric nanoparticle design that ensures con-
trolled, enzyme-responsive drug release, Nano’**
effectively addresses the significant challenges asso-
ciated with traditional delivery methods, such as
rapid clearance and potential cytotoxicity. The capa-
city to modify the release rate through alterations to
the hydrophobic units represents a further enhance-
ment of its potential for tailored therapeutic applica-
tions. The favorable biocompatibility and stability of
Nano" 4, demonstrated in both in vitro and in vivo
studies, highlight its suitability for clinical use, parti-
cularly in targeting diseases where sustained drug
release and minimal side effects are essential.
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