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Introduction: Extensive research has focused on identifying effective treatments for NAFLD, with numerous bioactive peptide
candidates showing significant promise. In this research, a long-acting esculentin-2CHa(1-30)-coated AuNPs (ESC-ABD-AuNPs) was
developed and the applicability was evaluated for their use in the treatment of non-alcoholic fatty liver disease (NAFLD).
Methods: ESC-ABD-AuNPs were synthesized by adopting a 1-step reduction process and the successful preparation of the
nanoparticles (NPs) was assessed by various physical characterizations including transmission electron microscopy (TEM), ultraviolet-
visible (UV-VIS) absorption spectra, dynamic light scattering (DLS), and Fourier Transform Infrared Spectroscopy (FT-IR). After the
ESC-ABD-AuNPs were prepared, cytotoxicity, pharmacokinetics (PK), and biodistribution profiles were identified. Then, with a high-
fat diet (HFD)-fed obese mice model, efficacy studies were carried out focused on their effects for anti-hyperglycemia and anti-
NAFLD. Furthermore, the feasibility of loading a small molecule onto the NPs was evaluated for potential combination therapy.
Results: ESC-ABD-AuNPs were synthesized with an average hydrodynamic size of 120 (+10) nm and demonstrated good stability
and an extended plasma half-life of 28.3 h. The NPs exhibited high liver accumulation and were well tolerated in cell viability tests. In
PK and biodistribution studies, ESC-ABD-AuNPs showed prolonged retention in major organs, such as the pancreas and the liver.
Therapeutic efficacy was demonstrated in the HFD-fed obese mice, where the ESC-ABD-AuNPs significantly reduced blood glucose
levels, improved glucose tolerance, and mitigated liver fat accumulation. The ESC-ABD-AuNPs platform also showed potential for
combination therapies, demonstrated by its ability to load obeticholic acid (OCA), a farnesoid X receptor (FXR) agonist, found
effective for the treatment of NAFLD in clinical studies.

Conclusion: Overall, this study has demonstrated the promising potential of ESC-ABD-AuNPs as a novel treatment for NAFLD.
This research suggests that ESC-ABD-AuNPs could be a significant advancement in drug delivery and liver disease treatment,
particularly for combination therapies.
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Introduction

NAFLD is a prevalent liver condition, affecting over 25% of the global population.' It encompasses a spectrum of
disorders, including nonalcoholic fatty liver (NAFL), nonalcoholic steatohepatitis (NASH), and cirrhosis. NAFL occurs
when abnormal fat accumulation in liver cells leads to disease progression, advancing to NASH, which is marked by
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hepatocyte ballooning and inflammation.”* Without intervention, NASH can further progress to cirrhosis, a severe and
irreversible stage of liver damage.* Although a large portion of administered NPs are destined for the liver, they are often
cleared, typically being phagocytosed by Kupffer cells.*® Furthermore, the pathological change in the liver, specifically,
in the late stage of NAFLD poses a significant challenge for hepatic drug delivery.

The AuNPs are receiving extensive interest in biomedical applications due to their ease of synthesis, excellent
stability, biocompatibility, low toxicity, and distinctive optical properties.” The AuNPs are also highly effective carriers
for delivering therapeutics. Their surface exhibits a strong affinity for amine and thiol functional groups, enabling
biofunctionalization with protein therapeutics, peptides, and antibodies.® Furthermore, AuNPs have been reported to
show no apparent toxicity to normal hepatocytes.g’10

Esculentin-2CHa(1-30) (“ESC”) is a 30-mer peptide with deletion of 7 amino acids from the C-terminal of the
original esculentin-2CHa derived from the skin secretion of the Chiricahua leopard frog (Lithobates chiricahuensis)." ™"
Previous reports have shown that the ESC possesses insulinotropic activity and can modulate glucose levels and reverse
obesity in HFD-fed mice.'*,'> However, achieving the desired therapeutic effects required twice-daily administration for
up to 28 days, suggesting its short plasma half-life.'>"'” In our previous study, we engineered a long-acting version of the
ESC by genetic fusion to an albumin-binding domain (ABD)."® This fusion protein (“ESC-ABD”), which includes
a tandem repeat of three ESC units (3XESC), an ABD, and “SUMO” as the expression partner, demonstrated an extended
plasma half-life of 12 h following intravenous (i.v). administration.

In this study, a novel formulation called ESC-ABD-AuNPs, consisting of ESC-ABD-coated gold NPs, was developed
and evaluated for its applicability in treating NAFLD. After successfully synthesizing ESC-ABD-AuNPs, its physico-
chemical properties were characterized using dynamic light scattering (DLS), UV-VIS spectroscopy, and transmission
electron microscopy (TEM). The formulation’s hypoglycemic effects and efficacy in managing NAFLD were then
evaluated in HFD-fed mice. This study further proposed the ESC-ABD-AuNPs could also serve as a potential carrier for
delivering small molecule therapeutic agents to treat NAFLD.

Methods
The Preparation of Esculentin-2CHa-Albumin Binding Domain Fusion Protein Using

Recombinant DNA Technology
The ESC-ABD was prepared following the protocol by Lee et al.'® A colony of pET28a-SUMO-3xESC-ABD plasmid
transformed BL21 competent E. coli cells were added to 50 mL of LB medium including 80 mg/mL kanamycin. The
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culture was incubated overnight at 37°C with 250 rpm shaking. The overnight culture was then transferred to 1 L of LB
medium (80 mg/mL kanamycin; Fisher Scientific, Pittsburgh, USA) and then incubated at identical conditions until the
ODggo reached 0.9—-1.0. At this point, 0.5 mm Isopropyl-b-thiogalactopyranoside (IPTG; Fisher Scientific, Pittsburgh,
USA) was added, and then the culture was further incubated for 4 h. After the cells were harvested by centrifugation, the
pellets were resuspended in 20 mm PBS (containing 300 mm NaCl; pH 7.4). The cells were lysed by sonication and
centrifuged at 8000 rpm for 10 min. The supernatant was collected and purified using Talon affinity resins. The acquired
ESC-ABD was further purified using an ultra-centrifugal filter unit (MWCO: 30 kDa). Protein purity and integrity were
assessed with SDS-PAGE on a 10% gel, and the final protein concentration was determined by the BCA assay. The
purified protein was stored at 4°C for future use.

The Chemical Synthesis of Esculentin-2CHa-Albumin Binding Domain-Coated Au
Nanoparticles

The scheme of the particle synthesis procedures are illustrated in Figure 1. Three milligrams of ESC-ABD (dissolved in
1 mL of PBS) were added to a glass vial, followed by the addition of 1 mg of NaBH, (the reducing agent; dissolved in
1 mL of DDW) and 100 pL of 30 mg/mL HAuCl; 3H,O (equivalent to 1.5 mg Au; Sigma Aldrich, St. Louis., MO,
USA). The reaction mixture was incubated at room temperature (RT) with stirring at 1000 rpm for 20 min. The NPs were
purified using an ultra-centrifugal filter unit (MWCO: 100 kDa) to remove unreacted protein and HAuCly-3H,0. The
final sample volume was adjusted to 1 mL and stored at 4°C for future use. The Bradford assay was used to determine the

protein concentration.

The Electron Microscopy

The size, morphology, and composition of ESC-ABD-AuNPs were analyzed using Bio transmission electron microscopy
(BIO-TEM, 120 kV) and high-resolution field emission TEM (HR-TEM, 300 kV) equipped with energy dispersive
spectroscopy (EDS). The UV-VIS absorption spectra of the samples were acquired using a BioTek Synergy H1 hybrid
Multi-Mode Reader (Winooski, VT, USA). DLS (Zetasizer Nano ZS, Malvern Panalytical Ltd., Malvern, UK) was
employed to measure the hydrodynamic size and zeta potential of the NPs. The size stability of the ESC-ABD-AuNPs, at
4°C storage condition, was evaluated over 5 consecutive days by monitoring the particle appearance and size. Lastly, the
FT-IR was conducted with an FT-IR micro-spectrometer (VERTEX 80v, Bruker, Billerica, MA, USA).
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Figure | Scheme of the synthesis of ESC-ABD-AuNPs. (ESC-ABD-AuNPs: ESC-ABD-coated gold nanoparticles).
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Evaluation of the Loading Efficiency of Obeticholic Acid to the Esculentin-2CHa-

Albumin Binding Domain-Coated Au Nanoparticles

The feasibility of loading small molecule drugs to the ESC-ABD-AuNPs was assessed using obeticholic acid (OCA) as the
model drug. The OCA-loaded ESC-ABD-AuNPs (ESC-ABD-AnNP/OCA) were prepared by adding different feed amounts
of OCA (2 mg, 4 mg, and 6 mg) to the mixture of ESC-ABD/NaBH,/Au during the synthesis of the ESC-ABD-AuNPs. The
unloaded OCA was purified from the ESC-ABD-AuNPs/OCA using an ultra-centrifugal filter unit (MWCO: 100 kDa; 3
cycles for 10 min each). After purification, the amount of OCA loaded onto the NPs was quantified using the Total Bile Acid
(TBA) Colorimetric Assay Kit (Elabscience, Wuhan, China). The OCA loading efficiency (%) was determined by dividing the
amount of OCA in the final loaded sample by the fed OCA and multiplying 100.

Determination of Cell Viability Against Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles

The cell viability was determined using 3 relevant cell lines: murine melanoma B16F10 cells, the murine pancreatic -
cell line MING6, and human hepatocellular carcinoma HepG2 cells. The B16F10 and HepG2 cells were purchased from
ATCC (Manassas, VA, USA). MING6 cells were kindly given by Dr. Min Gap Kim (Gyeongsang National University,
Jinju, Republic of Korea).'?,?° The selection of the cell lines was based on the organs which are important for the in vivo
behavior of the particles. The B16F10 represents the absorption site (skin), while the MIN6 and HepG2 stand for the
primary action sites (pancreas and liver). The liver is also the main elimination site. The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand Island, USA) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 1% antibiotic-antimycotic. The cells were maintained in an incubator at 37°C
with 5% CO,. For the study, the cells were separately seeded onto 96 wells (BI6F10: 5 x 10° cells per well, MIN6 and
HepG2: 1 x 10* cells per well). After 24 h, the cells were treated with various concentrations (0~150 ugAu/mL) of ESC-
ABD-AuNPs, and further incubated for 48 h. The cell viability was determined using the WST-1 assay (iNtRON
Biotechnology, Daejeon, Republic of Korea).

Animal Studies
All the animal studies were complied with the National Institute of Health Guidelines on the Use of Laboratory Animals,
following the protocol approved by the GNU’s Committee for Animal Research (GNU-230615-M0131).

Establishment of Animal Models

For pharmacokinetics (PK) and biodistribution studies, 6-week-old C57BL/6 mice (KOATECH, Pyeongtaek, Republic of
Korea) were used. The mice were housed at Gyeongsang National University’s animal facilities, where they had ad libitum
access to food and water and were maintained on a 12 h light-dark cycle. The study was initiated after a week of acclimation to
the new housing environment. For efficacy studies, 3-week-old C57BL/6 mice were used after inducing obesity by feeding an
HFD of 60% kcal fat chow (5.24 kcal/g, Research Diets, New Brunswick, NJ, USA) for 12 weeks. The average body weight of
the HFD-fed mice when the study was started was 45.2 g and the concentrations of ESC-ABD and ESC-ABD-AuNPs were set
to inject an average of 150 and 300 pL volumes, respectively.

Evaluation of the Pharmacokinetic Profiles of Esculentin-2CHa-Albumin Binding Domain-Coated Au
Nanoparticles

Prior to the study, to trace the ESC-ABD-AuNPs, the ESC-ABD of the NPs was labeled with a fluorescence dye
(Rhodamine B isothiocyanate (RITC); Amresco Inc., Germany). Briefly, in a glass vial, I mL of ESC-ABD (5 mg/
mL) was added, followed by the dropwise addition of 0.25 mg of RITC (dissolved in 100 pL of DMSO; 3-fold
higher molar ratio to the protein). The reaction mixture was incubated at RT for 2 h, gently stirring in the dark.
After incubation, the RITC-labeled ESC-ABD (RITC-ESC-ABD) was initially purified using Talon affinity resins,
and then further purified with an ultra-centrifugal filter unit (MWCO: 10 kDa). The final sample volume was
adjusted to 1 mL. After the RITC-ESC-ABD was prepared, the AuNP was synthesized by adopting the identical
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protocol for the ESC-ABD-AuNPs. The final volume was again adjusted to 1 mL and stored at 4°C. Bradford
protein assay was performed to determine the protein concentration, and fluorimetry was used to quantify the dye.

For the PK experiments, the C57BL/6 mice were administered with RITC-ESC-ABD-AuNPs (600 pg/mouse as ESC-
ABD) via subcutaneous (s.c). injection. Blood samples were collected at 0, 0.5, 1, 2, 4, 8, 24, 48, and 72 h post-
administration. The blood was centrifuged at 4000 rpm for 5 min to obtain plasma. Plasma samples were analyzed using
a fluorometric method with the FOBI fluorescent in vivo imaging system (Cellgentek, Osong, Republic of Korea). PK
profiles were determined by performing a non-compartmental analysis of the plasma concentration versus time data using
the Phoenix WinNonlin® program (Certara LP., Princeton, NJ, USA).

Assessment of the Biodistribution Profiles of Esculentin-2CHa-Albumin Binding Domain-Coated Au
Nanoparticles

RITC-ESC-ABD-AuNPs (600 pg/mouse as ESC-ABD) were administered to C57BL/6 mice via s.c. injection. On days 1,
3, 5, and 7 post-injections, the mice were euthanized, and major organs, such as the liver, spleen, kidney, pancreas,
intestine, lung, heart, and brain, were collected. The FOBI system was used to capture both the fluorescent and brightfield
images of the organs and create overlaid images. The integrated density was measured by identifying each organ’s region
of interest (ROI).

Glucose Tolerance Test of Esculentin-2CHa-Albumin Binding Domain-Coated Au Nanoparticles in High
Fat-Diet Fed Obese Mice

The HFD-fed obese C57BL/6 mice were divided into 3 groups (N=10) including 1) Control, 2) ESC-ABD (50 nmol/kg),
and 3) ESC-ABD-AuNPs (50 nmol/kg as ESC-ABD). After 16 h fasting, mice in each group received either saline, ESC-
ABD, or ESC-ABD-AuNPs via s.c. injection. One h later, all mice were administered with D-glucose (2 g/kg body
weight; Sigma-Aldrich), and blood glucose levels were measured at 0, 30-, 60-, 90-, and 120-min post-glucose
administration using a Roche Accu-Chek glucometer (Mannheim, Germany).

Single Administration Efficacy Study for Esculentin-2CHa-Albumin Binding Domain-Coated Au Nanoparticles
Another group of HFD-fed obese C57BL/6 mice were divided into 3 groups (N=10). The mice received s.c. injection of
either saline, ESC-ABD (50 nmol/kg), or ESC-ABD-AuNPs (50 nmol/kg as ESC-ABD). For 7 days after administration,
blood glucose levels and body weights were monitored daily.

Long-Term (4-Week) Efficacy Study for Esculentin-2CHa-Albumin Binding Domain-Coated Au Nanoparticles
After dividing the HFD-fed C57BL/6 mice into 3 groups (N=10), each group was administered one of the following via
s.c. injection: saline, ESC-ABD (50 nmol/kg), or ESC-ABD-AuNPs (50 nmol/kg as ESC-ABD). The treatments were
given twice weekly for 4 weeks, and blood glucose levels and body weights were monitored. At the end of the study,
a GTT was conducted.

After the 4-week efficacy study was terminated, the mice were fasted overnight and anesthetized with a mixture of
ketamine/xylazine (87.5/12.5 mg/kg). The blood samples were then collected from the left ventricle of the hearts and
serum samples were sent to the Southeast Medi-Chem Institute (Pusan, Republic of Korea) for analyses of fasting serum
glucose, AST, ALT, triglyceride (TG), and total cholesterol (TC). In addition, after euthanization of the mice, the liver
and pancreas were harvested, fixed in 4% paraformaldehyde for 12 h at 4°C, and then embedded in paraffin. After
embedding, the tissues were sliced into sections with 5 um thickness. The tissue sections were deparaffinized and stained
with the reagents of hematoxylin and eosin (H&E, Sigma-Aldrich). A part of liver tissues were frozen and the sliced liver
sections were stained with Nile Red (Sigma Aldrich). All the images of the tissue sections were taken by a BX51 light
microscope (Olympus, Tokyo, Japan). The Nile Red-stained area (250 x 250 um?; percent of total area) was calculated
from the images (N = 5) with i-Solution (IMT i-Solution Inc., Vancouver, BC, Canada). For the pancreatic section, the
percentage of pancreatic islet area was determined using i-Solution software (IMT i-Solution Inc., Vancouver, BC,
Canada).
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Cellular Evaluation of the Insulin Secretion by Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles

The MING cells (200,000 cells per well) were seeded onto 24 well-plates and incubated in a DMEM medium (including
10% fetal bovine serum albumin) for 48 h. After that, the cells were washed with Krebs-Ringer bicarbonate (KRB) buffer
(composed of 115 mm NaCl, 4.7 mm KCI, 1.28 mm CaCl,, 1.2 mm KH,PO,, 1.2 mm MgSQO,, and 10 mm NaHCO3)
including 0.1% BSA. Then, the cells were incubated with 0.1 or 1 uM of either ESC-ABD or ESC-ABD-AuNPs in KRB
buffer (with 0.1% BSA and 5 mm glucose) for 2 h. KRB buffers with 5 mm glucose and 25 mm glucose were used as
negative control and positive control, respectively. After incubation, the secreted insulin content was quantified by
ELISA (mouse insulin ELISA kit, Shibayagi Co. Ltd., Gunma, Japan).

Statistical Analysis

The data were expressed as the mean (+ SEM; standard error of the mean). Statistical differences among groups were
assessed using 1-way ANOVA test. Tukey’s multiple comparison tests were employed as the post hoc analysis (Prism
version 10.0, GraphPad). Results were considered statistically significant if p < 0.05.

Results
The Chemical Synthesis and Physical Characterization of Esculentin-2CHa-Albumin

Binding Domain-Coated Au Nanoparticles

In our study, we synthesized ESC-ABD-AuNPs using a chemical reduction method with NaBH, as the reducing agent.
The addition of NaBH, caused a color change from colorless to reddish-brown; suggesting the successful synthesis of the
NPs (Figure 2A). According to the BIO-TEM images, the ESC-ABD-AuNPs appeared to possess irregular shapes
(Figure 2B), while the HR-TEM images showed conglomerates of generally spherical units (Figure 2C). In the scanning
transmission electron microscopic (STEM) image of the NPs, the distribution profiles of carbon (C) and nitrogen (N)

(A)

100nm"

Figure 2 Electron microscopy of ESC-ABD-AuNPs. (A) Representative image of ESC-ABD-AuNPs. (B) BIO-transmission electron microscopic (BIO-TEM) and (C) high-resolution
TEM (HR-TEM) images of ESC-ABD-AuNPs. (D) Scanning transmission electron microscopic (STEM) image of the particles and elemental distribution of carbon (C), nitrogen (N), and
gold (Au). (E) STEM image of the particles and 2D distribution of the Au and N.

Abbreviation: ESC-ABD-AuNPs, ESC-ABD-coated gold nanoparticles.
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Figure 3 Physical characterization of ESC-ABD-AuNPs. (A)The UV-VIS spectrometric analysis of ESC-ABD-AuNPs. (B) Hydrodynamic size distribution and (C) size stability
of ESC-ABD-AuNPs. (D) Fourier transform infrared (FT-IR) spectrum of ESC-ABD-AuNPs. (E) Loading study results of obeticholic acid (OCA) loading onto ESC-ABD-
AuNPs.

which represents the protein, and gold (Au) were generally overlapping at the region of the NPs (Figure 2D). Also, when
compared the 2D distribution of Au and N, they were generally overlapping. (Figure 2E). The UV-visible spectra of
ESC-ABD-AuNPs (Figure 3A) displayed a prominent peak, in contrast with the Au ion, between 500-600 nm, consistent
with the previous report by Haiss et al.”' DLS analysis revealed an average NP size of 120 (+10) nm with a PDI of 0.16
(Figure 3B). The particles demonstrated good stability, with no visible aggregation observed over 5 days at storage
conditions (Figure 3C). Finally, according to the FT-IR spectra, as shown in Figure 3D, the characteristic peaks of ESC-
ABD protein (bands for amide I and II: 1634 and 1519 cm™ ", respectively) were found from the spectrum of ESC-ABD-
AuNPs (at 1632 and 1527 cm ™, respectively). Overall, the successful synthesis of the ESC-ABD-AuNPs was evidenced
by all the physical characterization.

Obeticholic Acid Loading Efficiency to Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles

As shown in Figure 3E, the loading efficiency of OCA onto ESC-ABD-AuNPs ranged similarly from 3.0-3.6% with
OCA feed amounts of 2—6 mg. These results indicated that the ESC-ABD-AuNPs could indeed serve as a carrier for
delivering small-molecule drugs (like OCA).

Cytotoxicity of Esculentin-2CHa-Albumin Binding Domain-Coated Au Nanoparticles
In the cellular toxicity studies, conducted using BI6F10, MIN6, and HepG2 cell lines, the ESC-ABD-AuNPs exhibited
no significant toxicity, with over 80% cell viability (Figure 4). Even at the highest concentration of 150 pgAu/mL, the
treated cells showed no adverse effects, indicating the “safeness” of the NPs. This low cytotoxicity supports the
feasibility of using these NPs for chronic therapies without toxicity concerns.

Pharmacokinetic Profile Analyses of Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles
The plasma concentration-versus-time profiles of ESC-ABD-AuNPs are presented in Figure 5A, with key pharmacokinetic
parameters summarized in Table 1. Following s.c. administration, the average plasma half-life of ESC-ABD-AuNPs was
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Figure 5 PK and biodistribution profiles of ESC-ABD-AuNPs. (A) Average plasma concentrations-versus-time profiles of ESC-ABD-AuNPs after s.c. injection in C57BL/6
mice (N=3). (B) Representative images of the major organs of mice after administration of RITC-labeled-ESC-ABD-AuNPs. (C) Fluorescent intensity profiles RITC-labeled-
ESC-ABD-AuNPs in major organs along different time points.
Abbreviations RITC, rhodamine B isothiocyanate; ESC-ABD-AuNPs, ESC-ABD-coated gold nanoparticles.

determined to be 28.3 h, indicating a relatively prolonged duration in the plasma. This value is comparable to the ESC-ABD
alone (plasma half-life: 23.5 h by s.c. injection), reflecting the stability and long-acting nature of the ESC-ABD-AuNPs. This
long plasma half-life makes it potentially advantageous for reducing dosing frequency in therapeutic applications, particu-

larly for treating chronic conditions like NAFLD where consistent therapeutic levels of the drug are required over extended

Table | PK Profiles of ESC-ABD-AuNPs

Samples

Cinax (ng/mL)

AUC,... (h ng/imL)

TIIZ (h)

MRT (h)

ESC-ABD-AuNPs (s.c.)

500 (+ 70.74)

8 (0)

34,247 (+ 4130)

28.27 (+ 9.854)

53.19 (+ 4.959)

Note: *Standard error values of mean were exhibited in the parenthesis.
Abbreviations: ESC-ABD-AuNPs, ESC-ABD-coated gold nanoparticles; Cmax, maximum concentration; Tmax, timepoint at which reached
maximum concentration; AUC, area under the curve; T/, plasma half-life; MRT, mean residence time.
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periods to ensure effective disease management. This extended duration in circulation may also enhance the overall efficacy
of the treatment while minimizing the need for frequent administration, thereby improving patient compliance.

Biodistribution Profiles of Esculentin-2CHa-Albumin Binding Domain-Coated Au

Nanoparticles

The biodistribution profile of ESC-ABD-AuNPs (Figure 5B and C) revealed sustained detectability in most major organs
for up to 7 days following administration, highlighting the NPs’ ability to remain in the body over an extended period.
Notably, a substantial accumulation of the ESC-ABD-AuNPs was observed in the liver. This prolonged and selective
retention in the liver suggests that ESC-ABD-AuNPs may serve as an effective drug for NAFLD treatment.

Single Administration Efficacy Study for Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles

The single-treatment study with ESC-ABD-AuNPs showed that its hypoglycemic effects were comparable to those
observed with ESC-ABD (Figure 6A), indicating that both treatments effectively lowered blood glucose levels to
a similar degree. This suggests that ESC-ABD-AuNPs retain the essential glucose-regulating properties of ESC-ABD,
making it a promising candidate for managing hyperglycemia. However, ESC-ABD demonstrated superior efficacy in
body weight management (Figure 6B).
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Figure 6 Hypoglycemic effects of ESC-ABD-AuNPs in HFD-fed C57BL/6 mice. (A) The mice’s blood glucose level and (B) body weight change during the single administration
efficacy study. (C) Blood glucose levels, and (D) change in body weight of the mice during the long-term (4-week) efficacy study. After 4 weeks of treatment, (E) glucose tolerance
test (GTT) was carried out (I: Blood glucose levels, Il: AUC [area under curves “I”] values), and (F) fasting serum glucose levels were measured. (G) Representative pancreas
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Abbreviations: ESC-ABD-AuNPs, ESC-ABD-coated gold nanoparticles; HFD, high-fat diet.
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Therapeutic Effects of 4-Week Treatment of Esculentin-2CHa-Albumin Binding

Domain-Coated Au Nanoparticles

Hypoglycemic Effects

Throughout the 4-week treatment with ESC-ABD-AuNPs, blood glucose levels remained consistently low, demonstrat-
ing sustained glycemic control over the entire study period (Figure 6C). In addition to glucose regulation, a significant
reduction in body weight was observed (Figure 6D), further highlighting the positive metabolic effects of the treatment.
Importantly, the ESC-ABD-AuNPs formulation was well tolerated by the mice, with no signs of toxicity or adverse
effects throughout the treatment duration, indicating its safety profile for extended use. GTT was conducted at the end of
the 4 weeks (Figure 6E). The results showed that ESC-ABD-AuNPs significantly improved glucose tolerance equivalent
to ESC-ABD. Consistently, the fasting serum glucose levels were significantly reduced (Figure 6F). This indicates that
ESC-ABD maintained its therapeutic properties when incorporated into the AuNP platform, suggesting that the
nanoformulation did not compromise the efficacy of the ESC-ABD. These findings not only demonstrate that ESC-
ABD-AuNPs are an effective platform for glucose regulation and weight management but also open the door for further
applications in combination therapies. By using ESC-ABD-AuNPs as a delivery system, it may be possible to incorporate
additional therapeutic agents, enhancing the treatment outcomes for NAFLD and its related complications. The potential
for additive or synergistic effects when combining therapies with ESC-ABD-AuNPs may provide more comprehensive
metabolic control, addressing multiple pathways involved in NAFLD progression.

Effects on the Pancreatic Islets

In Figure 6G, the pancreatic islets of the control group exhibit abnormal enlargement, reflecting an adaptive response
of B-cells to heightened insulin demand. This enlargement is indicative of both hypertrophy (enlargement of individual
B-cells) and hyperplasia (an increase in the number of B-cells), mechanisms that temporarily compensate for insulin
resistance. While this response may initially help maintain glucose homeostasis, prolonged stress on B-cells can lead to
dysfunction and eventual damage, contributing to the progression of metabolic disorders such as type 2 diabetes. As
shown in Figure 6H, treatment with ESC-ABD successfully restored the pancreatic islet size to normal levels,
suggesting an improvement in B-cell health and function. This normalization of islet size indicates that ESC-ABD
helps alleviate the stress on B-cells, potentially by reducing the insulin demand, thereby preventing the maladaptive
hypertrophy responses. To verify the mechanism of the hypoglycemic effects, when the ESC-ABD-AuNPs were added
to MING cells in the presence of 5 mm glucose, significant insulin secretion was observed, equivalent to the ESC-ABD
(Figure 6I). These results suggested that the ESC-ABD-AuNPs could improve hyperglycemia by exerting direct
insulinotropic effects.

Inhibition of Hepatic Fat Accumulation

As shown in Figure 7A and B, the ESC-ABD-AuNPs-treated group exhibited marked improvements in liver color and
size, indicating a reversal of NAFLD-related liver enlargement and discoloration. These visual improvements suggest
that ESC-ABD-AuNPs effectively mitigated liver damage commonly associated with NAFLD. Liver tissue sections were
prepared and analyzed to evaluate the therapeutic effects of ESC-ABD-AuNPs on NAFLD. Further analysis of the
H&E-stained sections (Figure 7C) and the Nile red-stained sections (Figure 7D and E) revealed a significant reduction in
lipid accumulation within hepatocytes in both the ESC-ABD and ESC-ABD-AuNPs-treated groups. This reduction in
intracellular lipid droplets indicates that the treatment effectively reduced fat buildup in the liver, a hallmark of NAFLD,
suggesting improved lipid metabolism and decreased steatosis.

In addition to histological improvements, biochemical markers of liver function were assessed. AST (Figure 7F) and
ALT (Figure 7G), both key indicators of liver injury, were significantly reduced in the ESC-ABD-AuNPs-treated group
compared to the control. These reductions imply that the treatment prevented liver damage and promoted the restoration
of normal liver function. The TG level did not significantly change, but the TC levels were considerably reduced by the
treatment of ESC-ABD-AuNPs (Figure 7H and I). The combination of histological and biochemical data demonstrated
that ESC-ABD-AuNPs possessed a substantial therapeutic efficacy on NAFLD.
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Figure 7 Therapeutic effects of ESC-ABD-AuNPs on NAFLD in the HFD-fed C57BL/6é mice. (A) Representative images of the livers harvested after the long-term (4 weeks)
treatment. (B) Average liver weights. (C) Representative images of the liver sections stained with H&E staining. (D) Representative images of the liver sections stained with
Nile Red. (E) Nile Red stained area (percent of total area) (N=5). Hematological analysis results (F) aspartate aminotransferase (AST), (G) alanine aminotransferase (ALT),
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comparison test as the post hoc test). *P < 0.05, **P < 0.0, **P < 0.001.

Abbreviations: ESC-ABD-AuNPs, ESC-ABD-coated gold nanoparticles; HFD, high-fat diet.

Discussion

Nanotechnology has garnered considerable attention in the biomedical field due to its wide-ranging applications in
diagnostics, drug delivery, imaging, and beyond.”> >* The NPs are highly adaptable, making them ideal carriers for
various therapeutic agents, including proteins, peptides, small molecules, and nucleic acids (DNA and RNA).*> Among
the NPs, AuNPs have gained great popularity, in part, due to the simplicity in their synthesis.?®* >* The chemical reduction
method is the most widely used approach. In this method, reducing agents convert gold ions (Au’") into gold atoms
(Au), leading to the formation of NPs.*’ Notably, by adjusting the reaction conditions, the size of AuNPs could be
precisely controlled which could be crucial to the success of their use for NAFLD treatment.

Extensive research has focused on identifying effective treatments for NAFLD, with numerous bioactive peptide
candidates showing significant promise. Ojo et al were the first to report that the peptide ESC possesses substantial anti-
diabetic and insulinotropic properties, promoting insulin secretion and improving glucose tolerance in HFD-fed mice.'
The cationic nature of ESC enhances its interaction with the B-cell membrane, directly influencing insulin release.'®
Studies have indicated that administering ESC to HFD-fed mice improved their blood glucose profiles, reduced insulin
resistance, and helped decrease body weight.!” Given the direct connection between obesity, diabetes, and NAFLD,
ESC’s potential to address these critical issues presents a promising avenue for its use in alleviating NAFLD.'” However,
therapeutic peptides often face challenges due to their rapid degradation in the body. In our previous study, we introduced
a fusion protein SUMO-3xESC-ABD, which combines ESC and ABD to extend its plasma half-life.'® This protein,
having a prolonged half-life of 12.1 h, demonstrated that it could effectively regulate blood glucose and body weight and
reduce liver fat in HFD-fed mice, highlighting its potential in the treatment of NAFLD.'®
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In this study, ESC-ABD-AuNPs were developed to overcome the challenge of targeted drug delivery to the liver for
NAFLD treatment. The NPs were successfully synthesized, displaying a reddish-brown color (Figure 2A), with an
average size of 120 (+10) nm and a PDI of 0.16 (Figure 3B). They demonstrated good stability at 4°C for up to 5 days
without any signs of aggregation (Figure 3C). Among various factors that could affect the fate of the NPs that reach the
liver, the size of the NPs plays a critical role in their delivery to hepatocytes.** > The liver sinusoidal endothelial cells
(LSECs), with fenestrae that allow the passage of particles smaller than 200 nm, illustrate the importance of size in
biodistribution.**,** According to an interesting study by Park et al about the hepatic distribution of nanoparticles, PLGA
NPs with an average size of 271 nm were mostly found in non-parenchymal cells, including 15% in Kupffer cells (KCs),
20% in LSECs, 1% in hepatic stellate cells (HSCs), and only 4% in hepatocytes.*>,*® Overall, this study’s results implied
that effective NAFLD treatment by NPs heavily relied on controlling their sizes under 200 nm. In this line, the size of
ESC-ABD-AuNPs could be considered sufficient for hepatic delivery.

The safety profile of ESC-ABD-AuNPs was evaluated using various and significant cell lines (B16F10, HepG2, and
MING cells) (Figure 4). In all 3 cell lines tested, the ESC-ABD-AuNPs were well tolerated, with cell viability remaining
above 80%, even at the highest concentration of 150 pgAu/mL.

Next, PK and biodistribution studies were conducted to evaluate the plasma residence time of the ESC-ABD-AuNPs.
The PK profile revealed an extended half-life of 28.3 h (Figure 5A). The time to reach maximum plasma concentration
(Timax) Was 8 h, indicating a delay in the absorption from the s.c. injection site into the systemic circulation. However,
considering the similarity of the plasma half-life to the ESC-ABD (23.5 h), the prolonged plasma half-life (28.3 h)
appears more likely attributed to the successful binding of ESC-ABD-AuNPs to the plasma albumin, enabling the FcRn-
mediated recycling. Consistent with the PK study results, the biodistribution profiles also showed extended retention of
ESC-ABD-AuNPs in major organs, particularly the liver, for up to 7 days (Figure 5B). Notably, RITC-labeled ESC-ABD
alone was undetectable with the FOBI bioimaging system (at NIR mode), but the RITC-labeled ESC-ABD-AuNPs were
visible (Supplementary Figure S1). This could be explained by the right shift of the fluorescence emission wavelength of

the ESC-ABD-AuNPs. Conclusively, the fluorescence observed from the tissues by the FOBI bioimaging system shows
only the intact ESC-ABD-AuNPs. Interestingly, some of the ESC-ABD-AuNPs could even be observed in the brain
tissue, which suggested that it could be useful for drug delivery to the brain in further studies. However, before
considering possible applications, it would be necessary to confirm which is the major factor that causes the brain
delivery possible and also the potential capacity of the brain delivery amount.

After confirming the long-lasting properties of the ESC-ABD-AuNPs, their therapeutic efficacy was assessed through
a single administration study and a long-term 4-week study in HFD-fed mice. In the single administration study, ESC-
ABD-AuNPs demonstrated blood glucose-lowering effects comparable to ESC-ABD even administered by s.c. injection
(Figure 6A). Compared with the i.v. route, the s.c. route is less painful, requires less professional injection skills
(available for self-medication by patients), and allows greater injection volume.>” However, if the molecule (or particle)
size is too large, the absorption into the vessels could be severely impeded.’” Because of this size issue, the particles are
usually not injected via s.c. route.’® *° However, interestingly and notably, in our study, even the ESC-ABD-AuNPs were
injected via s.c. route, equivalent therapeutic effects were observed; suggesting sufficient absorption was available.
Consistently, in the long-term study, the ESC-ABD-AuNPs exhibited equivalent effects to the ESC-ABD in reducing
body weights (Figure 6D) and blood glucose levels (Figure 6C) and improving glucose tolerance (Figure 6E).

When the 4-week study was terminated, the liver and pancreas were harvested for further analysis. H&E staining of
pancreatic sections revealed that the control group exhibited enlarged pancreatic islets (Figure 6G). This enlargement is
consistent with previous reports, which suggest that, in hyperglycemic conditions, B-cells undergo hypertrophy to
compensate for the heightened insulin demand.*',** Prolonged stress on B-cells can eventually lead to exhaustion and
permanent damage.**** Notably, treatment with ESC-ABD-AuNPs appeared to reverse this condition, as shown in
Figure 6G and H, potentially normalizing pancreatic islet size and promoting insulin homeostasis.

The liver serves as a crucial metabolic hub, managing a variety of nutrients. While not a normal site for fat storage, it
continuously exchanges free fatty acids (FFAs) with other tissues.*”,*® Instead of accumulating in the liver, FFAs are
typically metabolized via B-oxidation in the mitochondria or converted into triglycerides (TGs) and very low-density
lipoproteins (VLDL) for transport into the bloodstream.*®™** This mechanism allows the liver to efficiently regulate FFAs
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and prevent excessive buildup. However, in NAFLD, lipid droplets accumulate in liver cells, marking a key feature of the
condition.*’ Fat accumulation results from an imbalance between FFA production and disposal, leading to the buildup of
TGs and FFAs.’*? This triggers oxidative stress, mitochondrial dysfunction, and endoplasmic reticulum (ER) stress,
ultimately causing liver cell damage.’>>> The ESC-ABD-AuNPs treatment demonstrated a promising effect in the
management of NAFLD. When compared to the control group, treatments with both ESC-ABD and ESC-ABD-AuNPs
led to a notable reduction in liver size (Figure 7A) and liver weight (Figure 7B). Histological analysis further supported
these findings. In the control group, liver tissues stained with H&E and Nile Red revealed a substantial buildup of
intracellular lipid droplets, a hallmark of NAFLD. However, in the groups treated with ESC-ABD and ESC-ABD-
AuNPs, there was a significant reduction in the number and size of lipid droplets (Figure 7C and D). This demonstrates
the ability of these samples to mitigate fat accumulation in the liver, a critical step in preventing the disease from
progressing to more severe conditions such as NASH.?®® Beyond these morphological improvements, treatments also
led to better liver function, as indicated by decreased levels of AST and ALT—biomarkers commonly elevated in liver
damage (Figure 7F and G).”° Lower levels of AST and ALT suggest that both ESC-ABD and ESC-ABD-AuNPs
treatments helped protect liver cells from injury, further underscoring their potential in NAFLD therapy.®°

Another goal of the study was to prove the potential of the ESC-ABD-AuNPs as a delivery vehicle for therapeutics
for the combination therapy of NAFLD. OCA, a small molecule FXR agonist, is currently in Phase 3 clinical trials for
NAFLD and related conditions (NCT03439254). In this study, we investigated the feasibility of loading OCA onto the
ESC-ABD-AuNPs. According to the loading study results (Figure 3E), the loading efficiency of OCA could be up to
3.6%; suggesting that the ESC-ABD-AuNPs could be a carrier for combination therapies with co-delivery of protein and
small molecule drugs. Overall, through all the studies, the ESC-ABD-AuNPs were found to possess significant potential
to become effective nanotherapeutics for NAFLD.

Conclusion

Here, ESC-ABD-AuNPs were successfully synthesized by a simple 1-step reduction process. These NPs demonstrated an
extended plasma half-life and selective accumulation in the liver. Notably, the ESC-ABD-AuNPs showed significant and
prolonged hypoglycemic and anti-NAFLD effects equivalent to ESC-ABD, even via s.c. injection. Furthermore, loading
small molecules (eg, OCA) to the particles were found to be available, suggesting a potential use for combination
therapy. Overall, this research demonstrated that the ESC-ABD-AuNPs hold promise as nanotherapeutics for NAFLD
and further as an efficient carrier for combination therapies, potentially enhancing the NAFLD treatment outcomes.
However, immunogenicity concerns are yet to be resolved for consideration of clinical use.
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