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Macrophage (M¢) polarization plays vital role in inflammatory diseases, specifically M1 M¢ worsens the disease
by releasing pro-inflammatory cytokines. These M1 polarized M¢ and intestinal M cells expresses Dectin-1 re-
ceptors, making it as potential target for treating inflammatory diseases such as Pancreatitis. Pancreatitis in-
volves autodigestion of pancreatic tissue by activated trypsin enzyme, leading to severe inflammatory condition
which affect major function of pancreas. Hence, the trypsin enzyme can be major trigger for enzyme-responsive
drug delivery system. In this work, we developed enzyme-responsive, biocompatible, and orally administrable
B-Glucan-conjugated PLGA nanoparticles (GNPs) targeting the Dectin-1 receptor for maximum accumulation at
inflamed pancreas. We encapsulated and characterized Amlexanox (AMX)-loaded GNPs (AMX-GNPs), exhibiting
significant drug loading content (DLC) 25%. The in-vitro studies revealed that AMX-GNPs release the drug in
presence of trypsin enzyme. Further, it showed potential anti-inflammatory activity by modulating M¢ polari-
zation and reducing cytokine release from M1 polarized M¢. Additionally, we observed that GNPs follow the oral
route and release the drug primarily in the inflamed pancreas via the intestinal lymphatic system (ILS). Pre-
clinical studies confirmed that in acute and chronic pancreatitis animal models, AMX-GNPs effectively inhibit
inflammatory cytokines, by regulating NF-kB activation pathways and M1 M¢ polarization. Conclusively, AMX-
GNPs showed promising potential for treatment of Pancreatitis due to trypsin mediated drug release, efficient
binding and internalization through Dectin-1 receptor by active targeting of M¢ polarization.

1. Introduction people [6]. CP can cause irreversible damage to pancreatic tissue, which

ultimately results in multiple organ dysfunction and possible trans-

Pancreatitis is a serious inflammatory disorder associated with the
pancreas [1], caused by the overactivation of the trypsin enzyme. It is
primarily classified as acute pancreatitis (AP) and chronic pancreatitis
(CP), based on disease’s progression and onset [2-4]. AP can be trig-
gered by various factors, including gallstones, excessive alcohol intake,
trauma, infection, drugs and genetic factor. In contrast, CP evolves as
persistent pancreatic inflammation that eventually results in fibrosis and
necrosis of glandular epithelium. This condition often caused by chronic
alcohol consumption, persistent biliary dysfunction, cystic fibrosis, high
blood glucose and various metabolic abnormalities[5].

Number of the pancreatitis cases are rising globally with approxi-
mately 10 to 45 cases per 100,000 people suffering from AP every year,
while the prevalence of CP ranges from 50 to 200 cases per 100,000
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formation into pancreatic cancer [7]. The mortality rate in CP cases
ranges from 20 % to 40 %, primarily associated with lack of targeted
therapeutic option [8]. The inherent characteristics, anatomical position
of the pancreas, and blood pancreas barrier are major hurdles for
effective conventional drug delivery systems. The current treatments are
administered intravenously , which is not only inconvenient but also
non-targeted thus leading to unintended toxic effects [9]. Therefore,
there is an urgent need to develop a targeted drug delivery system that
can effectively reach the pancreatic microenvironment and potentially
mitigate the inflammation in pancreas. Nowadays, nanomedicine has
emerged as an effective and convenient drug delivery system for treat-
ment of complex diseases. Here in this paper, we reported a nanoparticle
mediated drug delivery system as an effective and promising therapeutic
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approach encapsulating hydrophobic drug (Amlexanox) in experimental
animal model of L-arginine induced AP and CP disease model [10].

In this study, we designed patient friendly surface-modified nano
drug carrier system for site-specific delivery of Amlexanox (AMX) to the
inflamed pancreas, targeting both AP and CP diseases [3]. We reported
that p-Glucan functionalized PLGA (Poly lactic-co-glycolic acid) nano-
particles loaded with AMX (AMX-GNPs) showed better therapeutic
outcome for the treatment of pancreatitis. We achieved this notion by
conjugating a yeast derived ligand 1,3 pB-Glucan with PLGA through
esterification. 1,3 p-Glucan is a bioactive, biocompatible and stable
carbohydrate polysaccharide that exhibits biological response similar to
innate immunity. It acts by activating phagocytic cells such as macro-
phages (M¢) and neutrophils, by binding to surface receptor (Dectin-1)
on these cells. It is abundantly found in bacteria, yeast, plants, and exists
in different structural configuration such as p-1,3-, 1,4- and 1,6-linked
[11]. More specifically, baker’s yeast has drawn considerable atten-
tion in recent five year for its known immunomodulatory effect due to
1,3 B-Glucan moieties. Additionally, it can be utilized as a bioactive
carrier for targeted drug delivery [12,13]. It specifically binds to Dectin-
1 receptors, which are expressed on intestinal M cells and M¢ which
plays a key role in immune responses such as macrophage polarization
(M1 to M2 type M¢) at inflamed site [14-16]. Therefore, yeast derived
B-Glucans can serve as effective ligand molecules for achieving thera-
peutic effect against inflammatory disorders. Additionally, we used
PLGA, which is Food and Drug Administration (FDA) approved and
widely recommended polymer for drug delivery, due to its high
biocompatibility and biodegradable nature. PLGA has ability to effec-
tively encapsulate hydrophobic and potent drug like AMX to enhance
bioavailability [17-19].

Upon oral administration of AMX-GNPs, the f-Glucan functionali-
zation protects the AMX-GNPs from the harsh acidic environment of the
stomach. Once AMX-GNPs reach the intestine, they bind to Dectin-1
receptors on microfold cells (M cells) of Peyer’s patches (PPs) and
accumulate within intestinal lymphoid follicles, these follicles contain
80 % immune cells including M¢. These nanoparticles are then opson-
ized by M¢ cells through Dectin-1 receptor, which further resulting in
chemotactic behavior of immune cells and accumulating them at in-
flammatory site of pancreatic tissue. Further, the presence of elevated
trypsin enzyme, facilitates the disassembly of AMX-GNPs by this
enzyme, which cleaves the ester bond present in the AMX-GNPs and
unload its cargo at the inflamed site. This targeted release is responsible
for potential anti-inflammatory activity by inhibiting the M¢ polariza-
tion to M1 and effectively converting them to M2 M¢. Thereby, causing
the suppression of pro-inflammatory cytokines and simultaneous acti-
vation of anti-inflammatory cytokines [20,21].

We extensively characterized the GNPs by Fourier transform infrared
(FT-IR), Nuclear magnetic resonance (NMR), UV-Visible spectroscopy,
Dynamic light scattering(DLS), Transmission electron microscopy
(TEM), Scanning electron microscopy (SEM), Atomic force microscopy
(AFM) to confirm its size and drug encapsulation. We also examined the
uptake ability and anti-inflammatory activity using cells-based assay.
Additionally, we investigated in-vivo anti-inflammatory potential of
AMX-GNPs in L-arginine induced pancreatitis model in Wistar rats.
Further, we evaluated this notion on both acute and chronic pancreatitis
experimental model and observed promising results. Our finding
revealed that AMX-GNPs exhibits notable anti-inflammatory potential
by downregulating the pro-inflammatory markers such as Tumor Ne-
crosis Factor-a (TNF-a), Interleukin-1p (IL-1p), Interleukin-16 (IL-6) and
regulating Nuclear Factor kappa B (NF-kB) activation pathways due to
additive action of p-Glucan and AMX. Additionally, AMX-GNPs showed
mitigation of pancreatic fibrosis, necrosis and other disease associated
clinical symptoms in Wistar rats by balancing M¢ polarization of the M1
phenotype toward an anti-inflammatory M¢, which ultimately sup-
pressed the production of the inflammatory cytokines and nitric oxide
synthase 2 (NOS2) expression. Our results suggested that efficacy of
AMX-GNPs is very much promising, and it has significant translational

Chemical Engineering Journal 516 (2025) 163838

potential due to patient compliance and safety profile. These can be
employed as a therapeutic agent for clinical treatment of certain in-
flammatory disorders including AP and CP.

2. Materials and methods
2.1. Materials

Amlexanox (AMX) was purchased from Abcam USA, succinic anhy-
dride, dicyclohexyl carbodiimide (DCC), DMF (Dimethylformamide), 4-
dimethylaminopyridine (DMAP) and HOBt (1-Hydroxybenzotriazole)
were procured from Tokyo Chemical Industry (TCI), PLGA (Poly (lactic-
co-glycolic acid)), yeast derived p-1,3-Glucan that contain 1,6- Glucan
side chain (molecular weight ~ 180 kDa), MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide), Polyvinyl alcohol (PVA) and L-
arginine monohydrochloride (L-arginine) were obtained from Sigma
Aldrich.

2.2. Synthesis and characterization of -Glucan conjugated polymeric
nanoparticles (GNPs)

2.2.1. Synthesis of p-Glucan conjugated PLGA (fGlu-PLGA) through
esterification reaction

Endotoxin free, baker's yeast (Saccharomyces cerevisiae) purified (98
%) B-Glucan was purchased from Sigma-Aldrich was used throughout
study. In brief, a p-Glucan solution was prepared by dissolving 50 mg of
p-Glucan in 2 mL deionized (DI) water, by vertexing for 5 min. Further
resulting solution was sonicated for 5-10 min at 60°C followed by
addition of 100 pL of 1 N NaOH (sodium hydroxide) for complete
dissolution. In the second step, 100 mg of PLGA was added in round
bottom flask containing 20 mL of DMF and allowed to sonicate for 5 min.
Then, 10 mg of DCC and 15 mg of HOBt was added to the solution and
reaction mixture was stirred magnetically for 30 min at 0°C[22]. After
30 min, B-Glucan aqueous solution from first step was added, and stir-
ring continuously until a clear solution was obtained. Next, 20 mg of
DMAP was added into reaction mixture, which was then left for 24 h at
room temperature. After the reaction was complete, EDC (N-(3-Dime-
thylaminopropyl)-N-ethylcarbodiimide) and DMAP impurity were
removed through water extraction, the isolated product was purified via
column chromatography. Finally, the reaction product was dried by
lyophilization and stored at —20 °C.

2.2.2. Preparation of p-Glucan conjugated PLGA nanoparticles (GNPs)

To better understand the effects of surface-functionalized polymeric
nanoparticles (GNPs) and plain polymeric nanoparticles (NPs), we pre-
pared both GNPs and NPs nanoparticles. The single emulsion method is
primarily used for the encapsulation of hydrophobic drugs in polymeric
nanoparticles [23]. Therefore, we followed this method for nano-
particles development. First, nonaqueous phase was prepared by dis-
solving 20 mg of PLGA in 1 mL of DMSO followed by sonication for 10
min and stirring for 1 h. Subsequently, 10 mL of 1 % PVA was used as the
aqueous phase. Further, nonaqueous phase was slowly transferred into
the aqueous phase using a 5 mL syringe, and the reaction mixture was
allowed to stir for overnight. The solution was then centrifuged at
14000 rpm (Revolution Per Minute) for 30 min at 4 °C. Resulting pellet
was resuspended in DI water, and this process was repeated twice. To
remove the remaining solvent, the nanoparticles were dialyzed for 24 h.
After dialysis, nanoparticles were lyophilized and stored at 4 °C for long-
term stability. Similarly, blank GNPs were also prepared using the same
procedure[24].

2.3. Preparation of AMX-loaded GNPs (AMX-GNPs)
We dissolved pGlu-PLGA/PLGA and AMX in 10:1.5 ratio in DMSO

and allowed the mixture to stir for 30 min. Then the mixture was
transferred into 1 % PVA and incubated for 12 h at room temperature.
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The hydrophobic interactions between pGlu-PLGA/PLGA part and AMX
cause physical entrapment of AMX during fGlu-PLGA/PLGA due to its
hydrophobic core [25]. The resulting solution was centrifuged at 14000
rpm for 30 min at 4 °C and dialyzed three time in DI water. Finally, the
solution was lyophilized to obtain the dried formulation (AMX-GNPs/
AMX-NPs), which was stored at 4 °C.

2.4. Characterization of AMX-loaded fGlu-PLGA nanoparticles (AMX-
GNPs)

2.4.1. Attenuated total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectroscopy

We performed ATR-FTIR spectroscopy (VERTEX 70v, Bruker FTIR
spectrophotometer) to assess the conjugation of p-Glucan and PLGA
(BGlu-PLGA), as well as the interaction between the drug and the
nanocarrier. Each sample was scanned in the range of 400-4000 cm ™!
with a resolution of 4 cm ™' and 64 scans [26].

2.4.2. 'H NMR (Nuclear Magnetic Resonance) spectroscopy

For further confirmation of the ester bond linkage between p-Glucan
and PLGA, reaction product was solubilized in deuterated DMSO
(DMSO-dg) at a concentration of 12 mg/mL. NMR Spectra were recorded
using a Bruker Avance HD 400 MHz NMR spectrometer instrument [27].

2.5. Drug loading and encapsulation efficiency

The drug loading content (DLC) and drug encapsulation efficiency
(DEE) of GNPs nanoparticles was assessed using a direct method using
Ultraviolet (UV-Vis) Spectrophotometry analysis. In brief supernatant
obtained after centrifugation of the AMX-GNPs was used to determine
the concentration of free AMX. A calibration curve of AMX was plotted
using its maximum absorption wavelength at 290 nm. The concentration
of AMX in the supernatant and in GNPs nanoparticles was analysed
using UV-Vis spectrophotometry at 290 nm. Percentage DLC and DEE
was calculated using following equation: —

Total drug encapsulated = Total drug added (pg)
— Freedrug (pg) in supernatant
_ Encapsulated drug (pg) in NPs

D L i %) = X1
rug Loading Content (%) Total weight of polymer (ig) 00

Drug Encapsulation Efficiency (%)

__Encapsulated drug (ug) in NPs

Total drug (pg) added X100

2.6. X-ray powder diffraction (PXRD) analysis

A diffractogram of powder AMX, B-Glucan (BGlu), PLGA, p-Glucan
PLGA conjugate (BGlu-PLGA), AMX-GNPs and Blank GNPs was acquired
to ascertain the diffraction patterns of sample using X-ray powder
diffractometer (Bruker, Advance D-8 Diffractometer) instrument. The
diffraction patterns were recorded over a 20 range of 10-70° at a
scanning rate of 50 scans/min.

2.7. Size and morphology of nanoparticles

To assess the hydrodynamic diameter, surface charge and poly-
dispersity index (PDI) of nanoparticles using a Two Angle Particle size
analysis (DLS; Dynamic light scattering), Malvern Zetasizer Nano ZS
instrument (ZEN5600 Model, UK). The particle size and PDI were
measured at a detection angle of 90°, while at zeta potential was
measured at 120°. In brief, the samples were diluted with distilled water
in a 1:100 ratio and transferred into disposable sample cuvette (poly-
styrene cuvette; DTS0012; Malvern). Analysis was conducted in
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triplicate, and the mean of three individual values represented as the
hydrodynamic size, PDI and zeta potential. To further ascertain the size
and surface morphology of nanoparticles, we performed electron mi-
croscopy using TEM (Transmission electron microscopy; JEM-2100 Plus
JEOL), SEM (Scanning electron microscopy: JSM-7610F Plus JEOL) and
AFM (Atomic force microscopy; Bruker multimode 8, NanoScope 9.1).
For TEM analysis, samples were diluted in DI water and drop casted onto
a carbon-coated copper grid (Ted Pella Inc, # 300 mesh size). Similarly,
for AFM and SEM analysis, a silicon wafer was used as the substrate. All
images were captured at different resolutions and processed using the
respective camera software. To predict the possible biological behavior,
we conducted stability studies of nanoparticles upto five days in 7.4 pH
PBS buffer and 10 % DMEM media at 37 °C (detailed procedure is
provided in Supplementary File).

2.8. In vitro drug release study

The percentage of AMX release from the nanoparticles was evaluated
in different physiological pH condition, both in presence and absence of
trypsin enzyme. The dispersion of AMX-GNPs and AMX-NPs (1 mg/mL
AMX) respectively, was prepared in phosphate buffer saline (PBS) at pH
values of 1.2 and 7.4. The nanoparticle dispersions were transferred into
dialysis bag (Thermo Fisher with cutoff molecular weight ~ 10 kDa) and
securely clipped at both ends. Further these bags were immersed into
250 mL of buffer solution containing 1 % tween-80. At initial 2 h of
interval, we performed dialysis in PBS at pH 1.2. Subsequently, the
dialysis bags were transferred to a pH 7.4 buffer solution. At this point,
trypsin enzyme (100 IU) was added, and system was stirred at 80 rpm at
37 °C. At predetermined time intervals, 1 mL of the sample was
collected, and an equal volume of fresh medium was added to maintain
the total volume. The concentration of released AMX was determined
using UV-Vis spectroscopy at a wavelength of 290 nm[20].

2.9. Invitro cell culture study

RAW264.7 (murine macrophage cell line), Caco-2 (human colorectal
adenocarcinoma cells) and Raji B (human B lymphoblastoid cell) cells
were purchased from National Centre for Cell Science Pune, India. Caco-
2 cells were cultured in high glucose Dulbecco’s modified eagle medium
(DMEM) with 15 % fetal bovine serum (FBS), along with 1 % Penicillin-
streptomycin. Similarly, RAW264.7 and Raji B cells were cultured in 10
% Fetal bovine serum containing complete media. Cells were incubated
at 37 °C in humidified atmosphere of 5 % CO».

2.10. Cell cytotoxicity assay

To assess the safe concentration of free drug and nanoparticles, MTT
assay was performed on L929, Caco-2 and RAW264.7 cells. In short,
cells were seeded at density of 50,000 cells/well in cell culture treated
96-well plates and incubated for 24 h at 37 °C in humidified atmosphere
of 5 % CO,, After incubation, the cells were treated with different con-
centration of free AMX, pGlu, AMX-NPs and AMX-GNPs. Concentration
ranging from 10 to 120 ug/mL prepared in complete media and cells
were incubated for additional 24 h. A PBS treated cells were used as
control group. Following treatment schedule, media was replaced with
100 pL of MTT reagent and allowed to incubate for 4 h at 37 °C. Then,
DMSO (100 pl) was added to each well to dissolve the formazan crystals.
The absorbance was measured at 570 nm using a microplate reader
(Tecan). Each experiment was conducted in triplicate to ensure
reproducibility.

To further confirm the safe concentration of nanoparticles (at which
cell viability was found to be above 90 %), we carried out qualitative
analysis using LIVE/DEAD cell assay. Briefly, RAW264.7 cells were
seeded into a 96-well plate with cell number 40,000 cells/well. After 24
h incubation, cells received treatment with free drug (AMX), fGlu, Blank
NPs and GNPs, AMX-GNPs and AMX-NPs at concentration of 50 pg/mL
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and incubated again for 24 h. The cells containing only culture media,
used as negative control, while cells treated with 1 % triton-X 100 were
used as positive control. Subsequently, LIVE/DEAD cell staining was
performed with phenol red free DMEM media, followed by PBS wash.
Stained cells were examined using an inverted fluorescence microscope
(Invitrogen™ EVOS™ M5000 Cell Imaging System).

2.11. Cellular uptake

Fluorescein or FITC-loaded NPs (NPs) and FITC-loaded GNPs (GNPs)
were synthesized to investigate cellular drug uptake in vitro. To deter-
mine cell-specific nanoparticles uptake, drug uptake studies were con-
ducted on macrophages (RAW264.7) and fibroblast (L929) cells lines.

The internalization of GNPs by pro-inflammatory macrophages (M¢)
was analyzed both qualitatively and quantitatively. For the qualitative
analysis (fluorescence-based), RAW264.7 cells were seeded into glass
bottom confocal dish (Nunc Glass Bottom Dish, Thermo scientific) at a
cell density of 60,000 cells/mL. After 24 h incubation, cells were washed
with 1X-PBS, and M1 M¢ polarization was initiated by incubating cells
with 100 ng/mL of Lipopolysaccharide (LPS) in cultured medium
(without FBS) for 12 h. Further, the cells were washed three times with
PBS and then treated with NPs or GNPs in culture media. Following 4 h
incubation, treated cells were received wash with ice cold PBS, fixed
with 4 % paraformaldehyde for 10 min. Fixed cells were stained with
Rhodamine/phalloidin and Hoechst 33,342 stain for 30 and 5 min,
respectively, to visualize the cytoskeleton and nucleus of cells[28]. All
samples were analysed by an inverted fluorescence microscopy (Leica
Laser microscope; DMi8). Similarly, to determine nanoparticle uptake in
non-inflammatory cell types, the same procedure was carried out with
1929 cells (without LPS).

Subsequently, SEM-based cellular uptake analysis was also per-
formed to confirm nanoparticle uptake in M¢, with detailed protocol is
provided with Supplementary File.

Quantitative estimation was performed using flow cytometry in M1
polarized M¢. In brief, RAW264.7 M¢ cells were cultured in a 6-well
plate at the cell number 60,000 cells/well. After 12 h of incubation,
LPS (100 ng/mL) was added to induce M1 polarization in RAW264.7
cells. Followed by treatment with nanoparticles, cells received four
washes with cold PBS. At the end, cells were kept suspended in 200 pL
PBS to avoid cells drying and then scraped from the bottom of the well
by scraper. All samples were further analyzed using a Flow cytometer
(BD FACS Aria).

2.12. Assessment of in vitro anti-inflammatory activity

To find anti-inflammatory potential nanoparticles against pancrea-
titis, we checked the level of key pro-inflammatory cytokines and nitrite
levels. Briefly, M1 polarized (LPS-activated) macrophages (M¢) were
incubated with different treatment groups (bGlu, AMX and AMX-GNPs)
for 24 h. Subsequently, nitrite levels in supernatant were assessed using
the Griess reagent. Each supernatant sample was mixed with an equal
volume of modified Griess reagent. After a 15 min incubation with re-
agent, absorbance was measured at 540 nm, and NO; concentrations
were determined using a sodium nitrite standard curve.

The supernatant from the same sample was then used to quantify the
levels of IL-1B, TNF-a, and IL-6 (pro-inflammatory cytokines). To
calculate unknown concentration of cytokines, ELISA (Enzyme Linked
Immunosorbent Assay) was performed, following the protocol provided
by the manufacturer (Mouse ELISA Kit, Abcam). The concentrations
were calculated based on standard curves provided with ELISA kits.

2.13. Macrophage polarization study
2.13.1. Immunofluorescent staining of polarized macrophages

RAW 264.7 cells were cultured in glass bottom confocal dishes at a
density of 50,000 cells/mL and incubating for 24 h at 37 °C in a
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humidified atmosphere with 5 % CO,. To induce M1 M¢ polarization,
cells were treated with LPS (100 ng/mL), while for M2 M¢ polarization,
cells were treated with IL-4 (20 ng/mL) for 24 h. After washing with
PBS, 1 mL of fresh culture media (without FBS) containing 50 pug/mL of
BGlu/AMX/AMX-GNPs was added to the dishes. Following a 24 h
treatment period, the fixed M1 and M2 polarized M¢ were stained with
TRITC-labeled CD80 antibody (Invitrogen, USA) and FITC-labeled
CD163 antibody (Invitrogen, USA), respectively. The effects of treat-
ment on M¢ polarization were then observed using a confocal laser
microscope.

2.13.2. Flow cytometric analysis

For quantitative analysis, flow cytometric analysis was performed. In
brief, RAW 264.7 cells were plated in a 6 well culture plate at concen-
tration of 50,000 cells/mL in 10 % FBS containing DMEM medium. The
plate was then placed at 37 °C in 5 % COj incubator for 24 h. M1-type
M¢ differentiation was carried out using 100 ng/mL LPS, while M2-
type M¢ differentiation was carried out with 20 ng/mL IL-4. Then cul-
ture media in the 6-well plate was then replaced with fresh media
(without FBS) that contained 50 ug/mL of fGlu/AMX/AMX-GNPs. After
24 h incubation, PBS wash was given to cells and scraped from the plate.
The cells were stained with CD11b-FITC, F4/80-PE/Cy7, CD80-APC,
CD86-PE, CD163-PE, CD206-APC (Invitrogen, USA) at room tempera-
ture for 30 min, followed by centrifugation. Further, cells were washed
and resuspended in 200 pL of PBS. Cells sorting was performed with BD
flow cytometer and data was analysed using FlowJo software.

2.14. Establishment of M cell model and co-localization study

As we hypothesized the internalization of GNPs might takes place
through M cells. To test this notion, we developed a co-cultured Caco-2
and Raji B cells-based intestinal M cell model that can mimic nano-
particles transportation across the small intestinal epithelial barrier. The
detailed study protocol is explained in Supplementary File. Briefly, the
apical compartments of trans-well plate were incubated with FITC-
loaded NPs/GNPs in 15 % DMEM high glucose medium. After 12 h of
incubation, sample were collected from both apical and basolateral part.
Further, the fluorescence intensity of FITC-loaded nanoparticles was
then measured using multimode plate reader excitation 495 nm and
emission at 519 nm.

2.15. Animal study

All preclinical studies were performed on Wistar rats. Animal
experiment was conducted accordance with Committee for Purpose of
Control and Supervision of Experimental Animals (CPCSEA). 7-8 weeks
old, Male/Female Wistar rats with 220-300 gm body weight were pro-
cured from the National Institute of Pharmaceutical Education and
Research (NIPER), Mohali, Central Animal Facility (CAF). The Wistar
rats were housed in central facility for animal at Indian institute of
science education and research (IISER Mohali, India). Animals were
provided with free rodent pellet diet and water ad libitum. The experi-
ment protocols were approved by Institutional Animal Ethics Committee
(IAEC) IISER Mohali, accredited by CPCSEA. The approval project
number is [ISERM/SAFE/PRT/2021/021.

2.15.1. Assessment of in vivo safety profile

An in vivo oral acute toxicity study was performed to assess the safety
profile of nanoparticles in biological system. In brief, Wistar rats were
randomly divided into two group; control and AMX-GNPs treated group,
and seven animals (n = 7) were kept in each group.

Treatment schedule

Group 1. (Normal control): Received only saline by oral gavage for
fourteen days.

Group 2. (AMX-GNPs treated group): Received AMX-GNPs (100
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mg/kg equivalent dose of AMX) formulation was orally given for four-
teen days.

Body weight, health condition and onset sign of toxicity was
continuously observed during the treatment schedule. At the end of
experiment, rats were sacrificed, and all vital organs were aseptically
excised. Then, the tissue sample were fixed in formalin fixation solution
for histological analysis and hematoxylin and eosin (H&E) staining was
performed. Alterations in biochemical parameters were analysed using
blood and urine samples.

2.15.2. Biodistribution of nanoparticles

To understand the biodistribution of nanoparticles after oral
administration, we performed an in vivo biodistribution study in
diseased rats. For this we utilized fluorescent dye indocyanine green
(ICG) dye, which is non-toxic and widely used for tracking bio-
distribution molecules. Therefore, we synthesized ICG-tagged NPs (NPs)
and ICG-tagged GNPs (GNPs) in study. ICG-tagged nanoparticles were
developed using the single emulsion method, ICG is hydrophobic dye
that can be loaded in polymeric nanoparticles similar to AMX. We fol-
lowed modified protocol from [29], for the preparation of ICG loaded
GNPs which follows similar protocol as preparation of AMX-loaded
GNPs/NPs. Here, instead of encapsulating the drug (AMX), we encap-
sulated ICG into the polymeric nanoparticles. We used dye: polymer
ratio 1:10 (w/w) and removed the unencapsulated ICG by dialysis bag
(cut-off mol wt. ~ 3.5 kDa). The encapsulated GNPs were further used
for the biodistribution study.

Furthermore, we randomly divided animals into three groups (n = 3,
each group). The rats were fasted overnight, and then received oral
treatment of NPs or GNPs (5 mg/kg) in assigned group and saline treated
group was used as untreated control group. After dosing, rats were
sacrificed at predetermined time point. Gastrointestinal and all vital
organs, PPs, pancreas and mesenteric lymph node (MLN) were isolated
for in-vivo imaging system (IVIS) analysis. Ex vivo IVIS imaging was
performed using a Perkin Elmer IVIS system with an excitation/emission
filter of 720-780 nm/ 830-890 nm.

2.15.3. Route of drug transportation

ILS-mediated drug delivery of GNPs after oral administration was
investigated using an earlier optimized in situ loop formation assay [30].
In short, Wistar rats were divided into two groups, with each group
containing three animals. One group received only saline, were served as
untreated control (without inhibitor). While second group was initially
treated with an intraperitoneal injection of 3 mg/kg cycloheximide,
which is commonly used as an intestinal lymphatic blocker [31]. After 1
h of cycloheximide dosing, Wistar rats were anesthetized using of E-Z
7000 Classic Anesthesia System. An intestinal loop was formed between
the duodenal and ileal ends of the small intestine using silk sutures,
ensuring the mesenteric system remained intact. ICG-tagged GNPs
(GNPs) were incubated in the loop segment and allowed to be absorbed
for 2 h within the body cavity. After incubation period, intestinal
segment was isolated from the animal. Subsequently, PPs, intestinal villi
and lymphatic vessels were separated from the segment. Further, fluo-
rescence signal of lymphatic vessels was analysed using IVIS imaging
system. PPs and intestinal villi were stored in 4 % paraformaldehyde
(PFA) solution, followed by sucrose processing, cryosectioning was
performed. To determine role of M cells in PPs mediated internalization
of GNPs, immunofluorescence staining was carried out on sections of
PPs and villi. Tissue sections were stained with a primary GP-2 mono-
clonal antibody (Cloud clone, USA; 1:100) for 2 h at room temperature.
After that, TRITC-tagged secondary antibody (Cloud clone, USA: 1:200)
was used for fluorescence detection. M cell mediated colocalization of
GNPs was examined using a confocal laser scanning microscopy.

2.15.4. Therapeutic efficacy against acute pancreatitis
The acute pancreatitis (AP) disease model was used to assess the anti-
inflammatory potential of GNPs in acute conditions. Here, we used L-
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arginine for induction of AP in Wistar rats [32]. Overall, AP model was
developed in overnight fasted Wistar rats. All test animals received two
high intraperitoneal doses of L-arginine (2.5 gm/kg in saline) at one-
hour interval. Disease development was confirmed by analysing serum
amylase and lipase level. Animals confirmed with AP were then
distributed into five distinct groups. Further, drug treatment was initi-
ated 24 h after disease induction. The treatment group included free
Amlexanox (AMX), B-Glucan (fGlu) and AMX-GNPs, all administered
orally at a dose of 100 mg/kg of body weight. The dosing schedule was
carried out at 24 h and 48 h of post L-arginine treatment and change in
body weight of animal was also noted. After 24 h of dosing, blood
samples were withdrawn, and animals were euthanized.

Dosing schedule

Group 1 (Healthy control; n = 5): Wistar rats received distilled
water p.o. (per oral).

Group 2 (AP model/disease group; n = 6): Wistar rats were
injected intraperitoneally with L-arginine (2.5 gm/kg, 2X dose at 1 h
interval).

Group 3 (fGlu; L-arginine + pGlu; n = 6): Disease animals received
treatment of p-Glucan [100 mg/kg/p.o].

Group 4 (AMX; L-arginine + AMX; n = 6): Disease animals received
treatment of Amlexanox [100 mg/kg/p.o].

Group 5 (AMX-GNPs; L-arginine + AMX-GNPs; n = 6): Disease an-
imals received treatment of AMX-GNPs formulation [100 mg/kg/p.o].

At the endpoint (72 h post-induction), organs were harvested, and
pancreases were weighed. Isolated tissues were fixed in 10 % formalin
solution for 24 h and were further processed for histological staining
(H&E, Trichrome staining) and Immunohistochemistry (IHC) observa-
tions. The in-vivo anti-inflammatory activity against the AP model was
assessed through H&E, trichrome staining, immunohistochemistry,
immunofluorescence and Real-time polymerase chain reaction (RT-
PCR) studies. Detailed protocols were mentioned in Supplementary
File.

2.15.5. Therapeutic efficacy against chronic pancreatitis

An experimental animal model of chronic pancreatitis (CP) was also
established to assess the long-term anti-inflammatory potential of AMX-
GNPs against chronic condition. Similar to AP model, L-arginine was
used to induce CP in Wistar rats. We have developed the CP model with
some modification in already exciting protocol [33]. Disease model was
established in three phases- 1st high dose (induction of inflammation),
2nd medium dose (70-80 % damage in acinar cell) and 3rd high dose
(necrosis). In brief, on day zero, overnight fasted test animal received
two intraperitoneal injections of L-arginine at dose of 2.5 gm/kg in one-
hour interval. Subsequently, a medium dose of L-arginine (3.5 gm/kg)
was injected intraperitoneally on day 2, 4, 6, 8, 10, 14, 18, 22 and day
26. At the end, higher dose of L-arginine (2.5 gm/kg, ip., two consec-
utive doses, at 1 h apart) was administered to the animals. To confirm
the disease development, serum amylase and lipase levels were
measured along with monitoring body weight of the animals. Disease
animals were randomly distributed into five distinct groups. Further,
three group of rats were orally received different treatment of free
Amlexanox (AMX), p-Glucan (fGlu) and AMX-GNPs at dose of 100 mg/
kg, p.o respectively. The dosing schedule was followed every alternate
day for upto four weeks to find long term therapeutic effects of treat-
ments. Change in body weight and overall health of animal was also
noted. After 24 h of dosing completion, blood samples were withdrawn,
and animals were euthanized.

Dosing schedule

Group 1 (Healthy control; n = 5): Wistar rats received distilled
water p.o. (per oral).

Group 2 (CP model/disease group; n = 10): Wistar rats received
multiple doses of i.p. L-arginine.

Group 3 (BGlu; L-arginine + BGlu; n = 6): Disease animal received
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treatment of B-Glucan [100 mg/kg/p.o.].

Group 4 (AMX; L-arginine + AMX; n = 6): Disease animal received
treatment of Amlexanox [[100 mg/kg/p.o.].

Group 5 (AMX-GNPs; L-arginine HCl + AMX-GNPs; n = 6): Disease
animal received treatment of AMX-GNPs formulation [100 mg/kg/p.o.].

At the endpoint, organs were harvested, and pancreas weights were
noted. The isolated tissues were fixed in 10 % formalin solution for 24 h
and were further used for histological and Immunohistochemical anal-
ysis. In vivo anti-inflammatory potential of different treatment against
the CP model was assessed using H&E, Trichrome staining, immuno-
histochemistry, immunofluorescence and gene expression studies. This
detailed protocol was given in the Supplementary File.

3. Results and discussion

3.1. Synthesis and Characterization of f-Glucan conjugated PLGA (BGlu-
PLGA)

PLGA is a safe, biocompatible and biodegradable polymer and
known for its use as carrier in drug delivery. Moreover, it allows surface
modification with different ligands and antibodies enabling active tar-
geting for the treatment of numerous diseases[19,34,35]. Owing to that,
we conjugated PLGA with p-Glucan. Specifically, we used baker’s yeast
derived natural polysaccharide (1,3 p-Glucan) due to its known bio-
mimetic effect and biocompatible nature[36]. The synthesis of pGlu-
PLGA was carried out through a modified esterification reaction pro-
cedure. The reaction steps are shown in the following schematic illus-
tration, mentioned in Fig. 1C. We conjugated PLGA with $-Glucan, and
successful conjugation was confirmed by FTIR and NMR spectroscopy.

PLGA showed characteristic peak of —C=0, —C-O-C, —-CH- functional
group in FTIR spectra at wavelength of 1755 cm™!, 1086 cm™! and
2996-2949 cm ™, respectively (Fig. 1A). Further, characteristics peaks
for free p-Glucan (BGlu) were observed at 3347 cm ! for —OH (broad
peak) stretch and 1036 cm ™! for —C-O-C stretch. In Glu-PLGA conju-
gate, we observed, shifting in carbonyl peak (from 1755 to 1778 cm™!)
due to ester bond formation between a f-Glucan and PLGA. Addition-
ally, presence of characteristics peak at 3347 cm’ ! and 1086 cm™ ! that
correspond to -OH (#-Glucan) and —C=0 group (Fig. 1A), represents
conjugation between PLGA and f-Glucan. To further confirm the
conjugation, we characterized reaction product (BGlu-PLGA) using 'H
NMR spectroscopy. The H NMR spectrum of PGlu-PLGA product
(Fig. 1B) showed characteristic proton peaks at § = 1.47 ppm for -CHgs, §
= 4.30 ppm for -CH»-0, § = 4.42 ppm for -OH, § = 4.42 ppm for -CH»-
CHs, 6 = 5.60 ppm due to —O=C-O of PLGA. Further the $-Glucan
showed peaks at § = 2.88 ppm due to Ar-CH, § = 3.50 ppm and 3.82 ppm
for aliphatic-OH, Ar-OH showed 6 = 5.20 ppm and 4.8 ppm, § = 7.96
ppm of —-CH and (—C-0-0). The presence of these characteristic peaks in
'H NMR spectrum of the final product confirms the successful conju-
gation between f-Glucan and PLGA.

3.2. Preparation and characterization of nanoparticles

PLGA or BGlu-PLGA nanoparticles were prepared using single sol-
vent emulsification method [23], as depicted in Fig. 1D. For comparison,
we synthesized both AMX-GNPs and AMX-NPs. Initially, the hydrody-
namic size of AMX-NPs and AMX-GNPs was measured using a DLS. We
observed hydrodynamic diameters for AMX-NPs and AMX-GNPs to be
around 183.4 + 11.5 nm and 228.6 + 07.8 nm, respectively, as depicted
in Fig. 1E. We also assessed polydispersity index (PDI) of nanoparticles,
which were observed at 0.207 + 0.01 for AMX-NPs and 0.194 + 0.02 for
AMX-GNPs (Table 1), strongly represents that the particles were mon-
odispersed. The increase in the size of AMX-GNPs compared to AMX-NPs
was observed, which attributed to the conjugation of p-Glucan to PLGA
nanoparticles.

Further, the zeta potential of nanoformulation was measured and
observed to be —19.7 + 3.10 for AMX-NPs and —22 + 1.80 mV for AMX-
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GNPs (Fig. 1F), which means the nanoparticles have extreme negative
surface charge and it can prevent the aggregation between the nano-
particles. We also characterized the particle size, shape and surface
morphology of nanoparticles using TEM, SEM and AFM.

TEM analysis (Fig. 1G) revealed that AMX-GNPs were in nano size
range 100-120 nm. This observed size was corroborated with observa-
tions in SEM and AFM analysis, which showed nanoparticles size
ranging from 100-130 nm (Fig. 1H&I).

The stability of nanoparticles is primary concern and important
parameter for long term storage of the formulation, as it affects their
biological stability and distribution. Therefore, to predict the possible
biological behavior, we conducted stability studies of AMX-GNPs
nanoparticles for five days in 7.4 pH PBS buffer and 10 % DMEM
media at 37 °C (depicted in supplementary file, Fig. SID&E). After
analysing change in particle size and PDI value, we found no significant
changes in either PBS or DMEM media. This is possibly due to negative
surface charge and the presence of a polysaccharide moiety on nano-
particle surface. These results confirmed that AMX-GNPs have good
colloidal stability.

3.3. Drug loading and release studies

The drug release was quantified by using calibration curve for AMX,
which showed maximum absorbance at 290 nm (Fig. S1A, Supporting
information). In this work, NPs and GNPs were used as nanocarrier for
the delivery of hydrophobic drug AMX [37]. The AMX was encapsulated
into GNPs and NPs using a single solvent emulsion method [23]. briefly,
the drug was loaded into non-aqueous phase at the time of formulation
preparation. The percentage DLC, DEE of AMX was quantitatively esti-
mated by using UV analysis. The % AMX loading was found to be 23.5 %
in NPs formulation and 25 % in GNPs formulation, which indicates that
B-Glucan conjugation did not affects the drug loading (Table 1). The
optimal DEE was calculated to be around 88 % for AMX-NPs and 90 %
for AMX-GNPs formulation (shown, in Table 1), which is consistent with
earlier studies on PLGA based nanoparticles [38].

Additionally, powder X-ray diffraction (XRD) analysis was per-
formed to examine change in diffraction pattern of AMX after incorpo-
ration in the GNPs formulation with other formulation components
affects the crystallinity of the drug after encapsulation in nanoparticles.
AMX alone showed crystalline nature in XRD spectra by exhibiting sharp
peaks in diffractogram. However, after incorporation of the AMX into
GNPs, the peak intensity was reduced in AMX-GNPs/NPs. That suggests,
crystallinity of AMX was reduced and leads to conversion into an
amorphous state within GNPs formulation (Fig. S1B, Supporting
information).

Further, ATR-FTIR spectroscopical analysis was carried out to un-
derstand the interaction between AMX, NPs and GNPs components. In
FTIR spectrum (Fig. S1C, Supporting information) the presence of
functional groups and related characteristic peaks of AMX in both AMX-
GNPs and AMX-NPs, whereas these peaks were absent in blank NPs.
Which further confirms that AMX was successfully loaded inside the
GNPs core (Fig. S1C, Supporting information).

The primary notion behind developing AMX-GNPs was to achieve
targeted drug delivery after oral administration. However, it totally
relies upon the drug release profile at specific pH and microenvironment
of GIT. As proteolytic enzymes are observed to be overexpressed in
pancreatitis condition, so in this case we focused on trypsin enzyme.
That can cleave ester bond in AMX-GNPs and facilitate drug release at
inflamed site only[39]. To assess the drug release profile, we compared
AMX release under normal and acidic condition, with presence or
absence of trypsin enzyme (Fig. 1J). The enzyme was added in releasing
media after two hours of the initial time point. We observed that AMX
exhibits extensive release (upto 60 %) from AMX-NPs (without $-Glucan
coating) in acidic condition (pH 1.2) within 2 h, likely due to instability
of AMX-NPs in acidic environment (Fig. 1J). Further, this pattern
continued in presence of trypsin enzyme. Whereas, AMX-GNPs showed
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Table 1

Tabular representation of the hydrodynamic size, polydispersity index, zeta
potential, percentage DLC and DEE values of AMX-loaded PLGA nanoparticles
(AMX-NPs) and AMX- loaded pGlu-PLGA Nanoparticles (AMX-GNPs).

Formulation Hydrodynamic PDI Zeta %DLC %
name Size (nm) potential DEE
(mV)
AMX-NPs 183.4 £ 11.5 0.207 —-19.7 + 23.5% 88
+ 0.01 3.10 %
AMX-GNPs 228.6 + 07.8 0.194 -22.0 + 25.0% 90
+0.02 1.80 %

minimal drug release under acidic condition, with only 18-20 % AMX
released in the first 2 h, owing to acid-resistant coating of p-Glucan over
nanoparticles surface. Further in intestinal pH (7.4), AMX-GNPs showed
a sustained drug release pattern over next 24 h with a total 40 % drug
release [36]. While, in presence of the trypsin enzyme, AMX-GNPs
showed triggered release (upto 80 %) between 12 h interval, which is
significantly improved as compared to without trypsin. Here, AMX
effectively released in surrounding medium after the enzyme mediated
cleavage of the ester bond between PLGA and b-Glucan by hydrolysis
[40] which leads to disassembly of the GNPs and further causing AMX
come out from the assembly. These finding confirms our notion related
to excellent gastric stability of AMX-GNPs and their site-specific drug
release in presence of the overexpressed enzyme at inflammatory site.

3.4. In vitro safety study

Before going to assess in-vitro activity of nanoparticles, initially, we
determined the safe concentration of AMX, fGlu, Blank NPs, AMX-GNPs
and AMX-NPs on normal cell lines, including L929 and RAW264.7 cells.
Cell viability was calculated using the MTT assay after drug treatment.
As depicted in Fig. 2A-B, AMX concentration ranging from 20 to 50 pug/
mL did not show any cytotoxicity to the L929 and RAW264.7 cells.
However, concentration dependent reduction in cell viability was
observed above 50 ug/mL (Fig. 2A-B). Therefore, the remaining cell-
based study was carried out with AMX at safe concentration of 50 ug/
mL. Further to ensure that AMX loaded GNPs and NPs did not adversely
affect macrophage viability, an MTT assay was performed with AMX-
GNPs/NPs. Where AMX-GNPs and AMX-NPs both did not show any
cytotoxic effect (Fig. 2C). Additionally, the cytocompatibility of AMX-
GNPs was performed on Caco-2 cell line, as AMX-GNPs primarily
absorbed mainly through the intestinal epithelium after oral adminis-
tration. Our results of the MTT assay (Supplementary file, Fig. S1F)
confirmed that AMX-GNPs treatment was not exhibiting any potential
cytotoxicity against Caco-2 cells. Further these studies results were
validated with fluorescence based LIVE/DEAD assay on RAW264.7 cells.
The AMX concentration of 50 pyg/mL in GNPs and NPs was selected
along with free f-Glu and blank NPS/GNPs. As illustrated in Fig. 2D,
none of treatment exhibited cytotoxic effect compared to positive con-
trol, confirming that this concentration is safe concentration for further
studies.

3.5. Investigation of cellular uptake of nanoparticles

Macrophages (M¢) play an important role in modulation of pancre-
atic inflammation, and it was observed that activated M¢ are continu-
ously recruited at the inflamed site[41]. Further we assumed that
nanoparticles might get internalized into M¢ and can contribute to
achieve therapeutic potential in pancreatitis treatment by recruiting at
the inflamed pancreas. Therefore, we assessed the cellular uptake of
FITC tagged NPs (NPs) and FITC tagged GNPs (GNPs) specific to
RAW264.7 cells. We performed the nanoparticle internalization on
fibroblast cells (L929) as well, as illustrated in Fig. 2E, the differences in
cell surface receptor present on M¢ and fibroblast cells might contribute
to the active targeting towards the M¢. We observed that fluorescence
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images (Fig. 2F) reflect minimal uptake of nanoparticles by fibroblast
cells, which is attributed due to absence of Dectin-1 receptor on their
surface [15]. At inflammatory stage, monocytes are polarized into M1
M¢, which are proinflammatory cells that furthers secret inflammatory
cytokines. Therefore, to determine cell specific uptake, we incubated
GNPs with polarized M¢. LPS was used to mimic M1 polarized M¢ (in-
flammatory M¢). Confocal microscopy results (Fig. 2G) demonstrated
that GNPs particles were significantly internalized (green fluorescence
signals) by LPS induced M¢ compared to plain nanoparticles. In contrast,
the normal M¢ (LPS untreated or negative control) exhibited minimal
uptake of both NPs and GNPs. These findings were further corroborated
by SEM (Fig. 2G and Fig. S2, Supporting information) and flow cyto-
metric analysis (Fig. 2H). Overall, the above results confirm the efficient
uptake of GNPs by M1 polarized M¢ which is mediated by Dectin-1 re-
ceptors expressed on inflammatory M¢. The specific binding of f-Glucan
to Dectin-1 receptor[42] facilitates the internalization of GNPs by M1
M¢.

3.6. Assessment of inflammatory mediators

The pathogenesis of pancreatitis is directly associated with excessive
generation of nitric oxide (NO) and release of inflammatory cytokines.
Furthermore, recent in vitro studies have reported AMX exhibits anti-
inflammatory potential by suppressing inflammatory cytokines[17].
Therefore, we determined anti-inflammatory mechanism of AMX-GNPs
against the LPS induced RAW264.7 cells. In control or untreated group,
LPS activated macrophage (M¢) exhibits significant increase in level of
inflammatory cytokines and nitrite level (Fig. 2I-L). In contrast, treat-
ment with AMX-GNPs significantly reduced the levels of nitrite (NO3)
and cytokines such as IL-6, TNF-o and IL-1p in LPS activated M¢ (Fig. 2I-
L).

Notably, encapsulating AMX in GNPs enhanced the anti-
inflammatory potential by reducing inflammatory markers and cyto-
kines, possible through inhibition of M¢ polarization to M1 subtype.
Collectively, results proved that AMX-GNPs are cytocompatible and
effectively target the inflammatory M¢ and reduce the potential markers
of inflammation.

3.7. Macrophage polarization study

Macrophages (M¢) are one of the key immune cells of body, that
plays a crucial role in maintaining both physiological and pathological
functions. In normal physiological condition, these cells are present in
the form of monocytes. They can be polarized into two different
phenotypic types: M1 (pro-inflammatory M¢) and M2 macrophage (anti-
inflammatory M¢), depending on the type of stimuli. M1 polarized M¢
are generally involved in acute and chronic inflammation, tissue fibrosis
and pathogen infection. While M2 polarized M¢ plays key role in anti-
inflammatory response, tissue regeneration and remodeling phenom-
ena [43].

To emphasize the active role of polarized M¢ in pancreatitis [44], we
further investigated the effect of different treatments on M¢ reprog-
ramming (Fig. 3A). These two types of M¢ can be distinguished by their
surface markers: M1 polarized M¢ have CD80 and CD86, M2 polarized
M¢ exhibit CD163 and CD206.

To monitor the effect of AMX, pGlu and AMX-GNPs treatment on M¢
reprogramming we first performed Immunocytofluorescence (ICF)
staining on RAW cells, the ICF images (Fig. 3B) with polarized M¢,
stained with CD80 antibody (red) represents M1 polarized M¢, and the
cells stained with CD163 antibody (green) represents the M2 polarized
M¢. Further, the observation in AMX and pGlu treated groups showed
little increment in ratio of M2/M1 positive cells, which shows less anti-
inflammatory activity. Subsequently, we found that AMX-GNPs treat-
ment group showed significant increment in ratio of M2/M1 positive
cells (Fig. 3B-C) compared to M1 control group (only LPS treated). While
AMX-GNPs treatment with M2 M¢ (IL-4 induced RAW264.7 cells)
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Fig. 2. In-vitro assessment of cytocompatibility of AMX-GNPs (A). MTT assay on L929 cells after treatment with AMX (B). MTT assay on RAW264.7 cells after
treatment with AMX (C). Cell viability assessment of AMX-loaded GNPs (AMX-GNPs) and AMX-loaded NPs (AMX-NPs) against RAW264.7 cells (D). Live and dead
cells staining after treatment RAW264.7 cells with f-Glucan (BGlu) at concentration of 50 pg/mL, AMX at concentration of 50 pg/ mL, Blank NPs at concentration of
1 mg/ mL, NPs with equivalent dose of 50 pg/ mL AMX and GNPs with equivalent dose of 50 pg/ mL to AMX. Green fluorescence represents Calcein-AM staining (Live
cells) and red fluorescence represent EthD-1 staining (Dead cells). Images were captured with scale bar = 300 um. Cellular uptake study for the GNPs (E). Dia-
grammatic representation illustrating the differences between macrophage, fibroblast cell surface and receptor-mediated uptake of GNPs. (F) Cellular uptake of FITC-
tagged GNPs (GNPs) and FITC-tagged GNPs (NPs) in L929 cells, nanoparticles exhibit green fluorescence and rhodamine-phalloidin (red cytoskeleton), Hoechst
33,342 stained nucleus (blue fluorescence), Images were captured with scale bar = 70 um. (G). Comparative images for cellular uptake of GNPs and NPs in the
presence and absence of LPS, in RAW264.7 macrophages analyzed by CLSM and SEM analysis (H). Flow cytometric analysis for GNPs and NPs uptake in LPS activated
macrophages, where control or untreated group is denoted in red color, NPs and GNPs group is represented in blue and orange color, respectively. Level of sig-
nificance = p < 0.001*** GNPs vs NPs. In-vitro anti-inflammatory activity of p-Glucan (pGlu), AMX and AMX-GNPs (AMX-loaded nanoparticles GNPs) (I) Assessment
of Nitrite levels (J) IL-6 level (K). TNF-a (L) IL-1p in LPS induced RAW264.7 cells (LPS + ). All values are presented as means + SEM (n = 3). Level of significance p <
0.001*** LPS + vs LPS- group, p > 0.05 ns, p < 0.05* & p < 0.01** LPS + AMX vs LPS + group, p < 0.05%, p < 0.01**& p < 0.001*** LPS + AMX-GNPs vs LPS +
group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

showed no effect which infers that AMX-GNPs treatment only arrest M1 receptor specifically[46]. So, we carried out the study in presence and
polarization keeping M2 M¢ unaffected. absence of inhibitor and measured particle concentration based on

Furthermore, to ascertain this notion, we performed quantitative fluorescence intensity. We observed that GNPs concentration was
estimation by flow cytometric analysis (Fig. S3A and S4A, supporting significantly higher in basolateral compartment compared to NPs

information). M1 polarized (LPS activated RAW264.7 cells) and M2 treated group. As depicted in Fig. 4C, NPs was detected at high amount
polarized (IL-4 activated RAW264.7 cells) M¢ were incubated with in apical compartment of trans well plate. Subsequently, the monolayer
different treatment such as AMX, pGlu and AMX-GNPs (Fig. 3D-H). The cells were pre-incubated with inhibitor (laminarin), showed GNPs
flow cytometric analysis (Shown in Supplementary File, Fig. S3&4) nanoparticles were stayed into apical compartment with higher amount
was carried out to check the expression of M1 (CD80 and CD86) and M2 (Fig. 4C), which indicate that GNPs potentially cross intestinal junction
(CD163 and CD206) M¢ surface marker. Additionally, F4/80 and CD11b via Dectin-1 receptor-mediated internalization by M cells. Further the
were used as pan-M¢ markers to define M¢ cells. The results showed that presence of p-Glucan on surface of nanoparticles confirms the notion,
percentage of F4/807CD206" M¢ and F4/80" CD163" M¢ was signifi- that GNPs can be internalized by intestinal M cells, after oral
cantly increased in M1 polarized M¢ (Fig. 3D&F and Fig. S3, supporting administration.

information) after AMX-GNPs treatment as compared to untreated M1
polarized M¢ cells (LPS + group). In contrast, % of F4/80" CD80" M¢
and F4/80" CD86" M¢ was significantly reduced (Fig. 3E&G) in M1
polarized M¢ after AMX-GNPs treatment compared to untreated M1
polarized cells (LPS + group). Post treatment with AMX and pGlu, the
percentage of CD80 and CD86 positive cells was equally reduced upto
25 % and 17 % respectively in both treatments compared to LPS™ group.
However, AMX-GNPs treatment caused 65 % and 90 % reduction in
CD80 and CD86 positive cells (Fig. 8G&E) than LPS + group. Further,
LPS activated cells after AMX-GNPs incubation showed higher expres-
sion of CD206 and CD163 (Fig. 8D&E) upto 40 % and 6.68 % respec-
tively as compared to LPS + group. We also checked whether AMX, pGlu
and AMX-GNPs treatment can modulate M2 polarized (IL-4 + cells) M¢
(Fig. S4A, Supporting information). As results depicted in supple-
mentary file, Fig. S4B&C showed effect of treatment on CD80, CD86
and CD206, CD163 positive M¢ population. In (Fig. S4B-D, Supporting
information) clearly reflected the AMX, pGlu and AMX-GNPs group did
not show any effect on M2 polarized M¢ cells.

All these results suggested that AMX-loaded GNPs formulation is
more specifically target the M1 M¢ and it has ability to repolarize M1
into M2 type M¢ which helps to reverse the inflammation in
pancreatitis.

3.9. In vivo safety study

To evaluate the in-vivo safety profile of the AMX-loaded GNPs
nanoparticle (AMX-GNPs), an acute oral toxicity study was conducted
on Wistar rats. In course of 14-day in-vivo toxicity assessment, the rats
were administered with daily dose of AMX-GNPs orally, while the un-
treated rats served as the control group (Fig. 5A). We observed the an-
imals for changes in the body weight, which is essential parameter to
know the health status. Data suggest that there was a no significant
difference in body weight observed in the AMX-GNPs treated group as
compared to the untreated group, as explained in Fig. 5B (ns, P > 0.05).
Furthermore, we performed organ toxicity assessment based on bio-
markers for the liver and kidney.

The blood and urine samples were collected at the end of the study
and the biochemical parameters were assessed, such as alanine trans-
ferase (ALT), serum glutamic oxaloacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT) aspartate aminotransferase
(AST) and creatinine level to assess the vital organ functions after
treatment. The results of the biochemical assessment (including liver
and kidney function tests) indicated no significant alteration (ns, P >
0.05) after 14-days of oral dosing as compared to the untreated group
(Fig. 5C). Further, we performed the study to assess histological changes
in the vital organs, such as liver, kidney, brain, and spleen. Hematoxylin
and eosin (H&E) staining was performed on vital organ, and the results
(Fig. 5D) indicates that no evidence of toxicity or histological alteration
in vital organ.

Overall, no significant changes were observed in the histological and
biochemical parameters or body weight after AMX-GNPs treatment,
suggesting AMX loaded GNPs formulation is non-toxic and safe for
biological systems.

3.8. M cell targeting ability of GNPs

For active targeting to pancreas after oral administration of GNPs,
specifically M cells are involved in transportation of nanoparticles
through the intestinal PPs [45]. We tested this notion using in vitro M cell
model. As shown in Fig. 4A, the model was established by Caco-2 and
Raji B cells co-culture method, where Raji B cells is mimicking intestinal
M cells. After M cell model was established, and we treated the mono-
layer with FITCtagged GNPs/NPs formulation and at the end of the study
we measured the TEER (Transepithelial Electrical Resistance) value of 3.10. Biodistribution of GNPs
every group, and we found that GNPs and NPs treatment did not show

any changes in TEER value (Fig. 4B), which indicated that both of the For safe and effective delivery of the drug, biodistribution of the
formulations did not interfere with epithelial tight junctions. Further to nanoparticle is crucial parameter after oral administration. In our study
ascertain if the uptake was mediated by M cells, here we used M cells the nano-formulation should effectively bypass the acidic environment
blocker laminarin (In; inhibitor) which can block Raji B cells Dectin-1 of stomach and deliver the drug at target site without affecting other
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(ns = non-significant) GNPs vs NPs group. p < 0.001
compartment with presence of laminarin (In; inhibitor) vs NPs group.

organs. We performed biodistribution using ICG (Indocyanine green) as
a fluorescent tracking dye and the encapsulation of ICG in GNPs/NPs
(GNPs, NPs) was confirmed by IVIS imaging system (Fig. S5A, Supple-
mentary File). After oral treatment with NPs and GNPs, were examined
for the biodistribution with IVIS analysis (in vivo imaging system). In
this, diseased animals were received with oral dose of ICG loaded NPs,
GNPs and at predetermined time points and the animals were sacrificed.
Three rats from each group were euthanized after 1 h of post oral
treatment and whole gastrointestinal tract was isolated and IVIS analysis
was carried out. The increased fluorescence in Fig. 6A represents the
disassembly of NPs specifically in GI tract of animals after 1 h. As per our
hypothesis the NPs undergo hydrolysis or disassembles in acidic pH [47]
or stomach pH as shown from our release study in Fig. 1J. Here in the
biodistribution we similarly observed that the NPs are showing
maximum fluorescence in GIT. The NPs containing ICG dye resulting
disassembly and release of the dye in stomach showed the strong fluo-
rescence within 1 h (Fig. 6A). Consequently, GNPs treated animals
exhibited less fluorescence signal only in a smaller area of stomach.
Whereas p-Glucan surface conjugation with PLGA, forming pH-resistant
layer outside the PLGA core that protect GNPs from harsh acidic envi-
ronment of stomach after oral administration.[48].

Subsequently, 5 h of post oral treatment, GIT with all vital organs
and pancreas were excised. The ex-vivo IVIS images (Fig. 6A-B) dis-
played that NPs treated group showed strong fluorescence signal in all
over stomach and small intestine, this shows that NPs were degraded by
acidic condition of stomach, representing pre-systemic absorption and
non-specific distribution. However, animals treated with GNPs shows no
signal in stomach and emitted uniform fluorescence signal in small in-
testine, more specifically at the area of PPs. In the same group, we also
acquired ex vivo IVIS images of heart, kidney, lungs, brain, spleen, liver
and pancreas (Fig. 6B). They showed no fluorescence signals in any vital
organs of both groups, because of 5 h post oral treatment schedule is not
enough to reach the systemic circulation. In contrast only pancreas
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GNPs concentration in basolateral compartment vs NPs group, p < 0.001*** GNPs concentration in apical

showed detectable fluorescence signal in GNPs and NPs treatment
group. Which confirms our notion of the targeted drug release in
pancreatic environment.

The difference in fluorescence intensity was assessed by plotting the
graph between Average Radiant Efficiency (p/s/cm?/sr)/(pW/cm?) and
different organs. The graph (Fig. 6D) shows that the fluorescence signal
was significantly higher in the pancreas of the GNPs-treated group as
compared to the NPs-treated group. We also conducted ex-vivo IVIS
imaging of PPs and MLN (Fig. 6C), which showed significantly higher
fluorescence signals in PPs and MLN in the GNPs group as compared to
NPs group (Fig. 6E). Additionally, we also assessed the biological dis-
tribution of GNPs and NPs post-absorption. Fig. S5B shows in Supple-
mentary File, after 24 h of oral treatment, nanoparticles showed higher
fluorescence signals in the liver, lungs, heart, and kidneys in the NPs
treated group as compared to the GNPs group. In comparison we
observed strong signal in the spleen and pancreas of GNPs group
animals.

The results indicate that, orally administered NPs were unable to
bypass pre-systemic metabolism and were primarily transported to the
liver and heart, with excretion mainly occurring through the kidneys.
However, the GNPs was mostly distributed in pancreas and spleen after
oral administration.

3.11. Route of drug absorption

Every nano-formulation that administered orally follows intestinal
absorption, either by entering the intestinal lymphatic pathway or
directly into systemic circulation[49]. In biodistribution study, we
demonstrated that GNPs nanoparticles were absorbed through intestine
and actively reached the target site. To determine the route of GNPs
delivery, we utilized in-situ loop formation method (ref), in which we
made intestinal loop by simple ligation technique with intestine and
incubated the ICG-tagged GNPs (GNPs) formulation. After incubation,
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Fig. 5. In-vivo safety profile of AMX-GNPs in Wistar rats. (A). Illustration of acute oral toxicity study and treatment schedule. (B) Percentage of body weight of
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(SGPT) aspartate aminotransferase (AST) and creatinine level) after AMX-GNPs treatment. All values are presented as mean + SEM (n = 3) (D). Histological analysis

using H&E staining of Brain, Lungs, Kidney, Spleen, Liver and Heart.

intestinal loop was carefully retrieved, intestinal villi, PPs and MLS was
separated. These tissue samples were analysed using confocal micro-
scope and IVIS system.

A schematic representation of M cell distribution is depicted in
Fig. 6F. Immunofluorescence and CLSM images of tissue sections indi-
cate that ICG-tagged GNPs (green fluorescence) were effectively co-
localized inside the M cells (red fluorescence) of PPs and epithelial
villi (Fig. 6F). Further, ex-vivo fluorescence image of MLS showed fluo-
rescence intensity within lymphatic capillaries due to nanoparticle

13

absorption (Fig. 6G). These results revealed that mesenteric lymphatic
pathway was involved in intestinal absorption of GNPs nanoparticles
after oral administration.

To confirm that GNPs specifically follows M cell-based ILS pathway,
a same study was conducted using cycloheximide which inhibit M cells
mediated ILS transport. In this, animals were pretreated with cyclo-
heximide before the development of the intestine in situ Loop. After
incubating with GNPs, the animals were euthanized, and tissues were
examined. The results (Fig. 6H) showed no green fluorescence particles
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Fig. 6. Targetability of ICG-tagged GNPs and NPs after oral administration (A) Fluorescent IVIS images of GI tract of animal depicting the drug distribution after 1 h
and 5 h of oral treatment of NPs, GNPs. (B) Ex-vivo fluorescence images of vital organs (H; Heart, K; Kidney, B; Brain, L; Lungs, Li; Liver, S; Spleen) along with
pancreas, after 5 h of oral treatment (C) Typical ex-vivo IVIS images of Peyer’s patch (PP) and Mesenteric Lymph Node (MLN) followed by oral treatment with
nanoformulation (D&E). Graphical illustration of distributed fluorescence signal of isolated organs and Peyer’s patch (PP), Mesenteric Lymph Node (MLN) and the
difference in fluorescence intensity was assessed by plotting a graph between Average Radiant Efficiency (p/s/cm?/sr)/(pW/cm?) and tissues. All values are rep-
resented as means + SEM (n = 3). The level of significance of fluorescence intensity in Pancreas, MLN, PP; p < 0.001*** in GNPs vs NPs group. Determination route
of drug absorption of GNPs nanoformulation using in situ loop method. (F) Pictures represents the M cell distribution in PPs (Peyer’s patches), intestinal villi and
CLSM immunofluorescence images of PPs, Villi section. The green fluorescence signal represents ICG-tagged GNPs (GNPs) and M cells which are visualized by the red
fluorescence. (G). Schematic representation of MLS (Mesenteric Lymphatic System) and IVIS images indicates GNPs absorption of GNPs in MLS. (H) The schematic
gives an idea about the PPs (Peyer’s patches) and intestinal villi, CLSM images of cycloheximide (inhibitor) pretreated animal (I) cycloheximide is preventing the
intestinal absorption of GNPs in M cells and MLS (IVIS analysis). n = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

were present inside PPs and epithelial villi, due to cycloheximide
mediated inhibition of ILS transportation, which was preventing the
nanoparticles co-localization within lymphatic tissue or M cells (Fig. 6H-
I). These findings suggest that the absorption of GNPs after oral
administration primarily occurs through the ILS pathway.

The collective results of the biodistribution study and the investi-
gation into the route of drug absorption indicate that after oral admin-
istration, particles follow the intestinal lymphatic route, which was
further responsible for GNPs accumulation in the pancreas.

3.12. Therapeutic efficacy against acute pancreatitis

Based on the in vitro anti-inflammatory activity and in vivo targeting
ability of GNPs, we investigated the therapeutic efficacy of AMX-GNPs
against L-arginine induced Acute Pancreatitis (AP) model. Experimen-
tally, AP model was established by injecting a high dose of L-arginine
and confirmed by measuring standard clinical marker such as serum
lipase and amylase level. The rats were distributed as AMX, pGlu and
AMX-GNPs groups for respective treatment with proper controls. A
schematic representation of model development and treatment schedule
is depicted in Fig. 7A.

As data represented in Fig. 7B-E, the AP model was characterized by
typical symptoms like pancreatic edema, higher pancreas to body
weight ratio, and elevated levels of serum amylase upto 550 + 49.0 U/L
and serum lipase value upto 103 + 12.8 U/L relative to healthy group
(Fig. 7B-E). We observed that there was no significant difference in
pancreatic edema, pancreas to body weight ratio and serum amylase in
B-Glucan (BGlu) treated AP animals compared to disease animal (AP
group), except the serum lipase level was found to be notably decreased.
Free AMX was also found to be showing activity against AP, which
significantly reducing the pancreas to body weight ratio (p < 0.05*), and
simultaneously the serum amylase and serum lipase level (p < 0.01**)
compared to AP model group,which was also found to be reduced.
However, AMX-GNPs treatment showed highly significant effect (p <
0.001**) against AP disease by lowering the pancreatic edema, pancreas
to body weight ratio, serum amylase and serum lipase level. Moreover,
in comparison to AMX this effect was also significant (Fig. 7B-E). These
observations suggest that AMX-GNPs showed potential effect in AP by
reducing its key symptoms.

In the next step, we assessed the therapeutic effect of AMX-GNPs at
the histological level, specifically in pancreatic and lung tissues, as AP is
often associated with lung injury. The histological data indicates that the
lungs and pancreas of the healthy group exhibited characteristic histo-
pathology in H&E staining. Healthy pancreas showed normal interlob-
ular and intralobular spaces, typical acinar cell structure, or pancreatic
islets, normal parenchymal cells and no infiltration of immune cells, also
there was absence of signs of edema or infiltration of inflammatory cells
with a normal alveolar structure in lung tissue (Fig. 7G). In the AP model
group, L-arginine caused major histopathological alterations in
pancreatic and lung tissue as seen in H&E staining (Fig. 7F). AMX and
pGlu treatment in AP animals resulted a slight reduction in pathological
score compared to the AP model group, although the difference was not
statistically significant. When disease animal treated with AMX-GNPs
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we observed significant improvement in histological outcomes. It
caused marked reduction in histopathological score of the pancreas.This
was accompanied by recovery in acinar and pancreatic cell morphology,
the absence of hemorrhage and fat necrosis, along with an improvement
in lung histology was observed similar to healthy group histo-
architecture (Fig. 7F-G). The H&E staining results showed that AMX-
GNPs treatment improved the histological alterations against AP path-
ological injury of the pancreas and lungs.

Additionally, histopathological changes of pancreatic tissues after
treatment were also confirmed by Masson’s trichrome staining (Fig. 7H).
The % fibrotic area was calculated based on positive staining in peri-
ductal tissue, acinar cells and interlobular space [50]. In AP model
group, pancreatic tissue exhibited 40 % fibrotic area that indicated
pancreatic fibrosis with intralobular sclerosis. In contrast, AMX-GNPs
treatment showed only 8.5 % pancreatic fibrosis, which significantly
(p < 0.001***) reduced as compared to disease group (Fig. S6A, sup-
porting information), which depicts that AMX-GNPs has strong po-
tential to reduce the pancreatic fibrosis in AP rat.

AMX is a selective inhibitor of TBK1/IKKe, that regulates the
downstream signaling pathways by inhibiting NF-xB activation in
various diseases [51]. To further understand the mechanism of AMX-
GNPs after treatment in AP disease, we performed immunohistochem-
ical (IHC) staining for NF-kB, IL-6 and IL-4 markers. We noticed a po-
tential increment in immunopositive cells of NF-kB and IL-6 in AP rats
(Fig. 7H and Fig. S6B-C, Supporting information) due to development
of inflammation in the pancreas. Subsequently, we also compared the
AMX treatment group to AP model group and found significant reduc-
tion (p < 0.05*) in the % of IL-6 and NF-kB positive cells (Fig. 7H and
Fig. S6B-C, supporting information). However, AMX-GNPs treatment
effect was highly significant (p < 0.001***) in terms of reduction in
percentage of IL-6 and NF-kB positive cells when compared to the AP
group. Additionally, the AMX-GNPs treatment also showed significant
effect as compared to free AMX treated group (Fig. 7H and Fig. S6B-C,
supporting information).

Furthermore, we evaluated IHC staining of anti-inflammatory
marker, which showed fGlu itself significantly increase the % IL-4
immunopositive cells (Fig. 7H and Fig. S6D, supporting informa-
tion), likely due to immunomodulatory effect (macrophage polariza-
tion) of BGlu. Notably, the AMX-GNPs treatment showed potential
increase (p < 0.001***) in the IL-4 expression in AP rats.

All THC results indicated that AMX-GNPs treatment against AP dis-
ease showed potential effect on NF-kB, IL-6 and IL-4 immunopositive
cells. The reduction might be attributed due to the additive effects of
AMX and B-Glucan which overall significantly inhibits the NF-«xB, IL-6
and activate IL-4 expression (Fig. 7H).

NOS2 is prominently expressed in pro-inflammatory or M1 M¢ and
plays a significant role in exacerbating inflammatory condition through
NO generation. NOS2 is well reported marker that is expressed in M1
polarized M¢ [52,53]. So, to assess the in-vivo effect of AMX-GNPs on M¢
polarization in diseased animals, we performed the immunofluorescence
(ICF) staining to evaluate NOS2 expression in the pancreatic tissue. The
immunostaining results demonstrated a significant reduction in NOS2
(INOS) expression in AMX-GNP treated group (Fig. S8, shows in
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Fig. 7. Therapeutical efficacy of AMX-GNPs against AP model. (A). Schematic representation of experimental model and treatment timeline. (B). At the end of
treatment schedule, pancreas was isolated, and images were captured for morphological assessment. (C) Graphs represent the pancreas to body weight ratio of every
group. (D&E) Serum amylase and lipase level of treatment group, disease (AP) and healthy group (control) (F) Histopathological scoring of pancreatic tissue, scoring
was done on the basis of representative H&E staining. (G). Histopathological alterations in pancreas and lung were analysed by H&E staining (scale bar = 300 pm)
(H). Anti-inflammatory effect of fGlu, AMX, AMX-GNPs was evaluated using Masson’s trichrome and IHC staining for NF-kp, IL-6 and IL-4 expression in pancreatic
tissue (scale bar = 50 um). All graphs are presented as mean + SEM (n = 3). Level of significance p < 0.001***, p < 0.01**, p < 0.05* & ns = p > 0.05.
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Supplementary File). This result was corroborated with in-vitro studies
we performed earlier which showed the treatment effect on M¢
reprogramming and indicated that AMX-GNPs has potential to attenuate
or modulate M1 M¢ polarization in disease condition.

Subsequently, we performed a gene expression study on pancreatic
tissue to evaluate the immunomodulatory effect of AMX-GNPs (Fig. S9,
shows in Supplementary File). We evaluated the gene expression by
RT-PCR analysis and quantified the mRNA levels of pro-inflammatory
cytokine genes (IL-1f8, TNF-a, and IL-6), as well as M2 and M1 polar-
ized M¢ cell surface marker CD206 and NOS2, following oral treatment
in diseased animals.

The L-arginine induced, acute pancreatic injury caused marked
elevation (p < 0.001***) in mRNA levels of IL-6, TNF-a, IL-1p, NOS2 and
reduced CD206 genes expression in Wistar rat (Fig. S9A-E, Supporting
information). While gene expression of M1 M¢ associated gene (NOS2)
include pro-inflammatory cytokine gene (specifically TNF-a, IL-1p and
IL-6) were observed to be reduced (p < 0.05*) as compared to AMX
treated group (Fig. S9A-C, Supporting information). However, fGlu
treatment selectively upregulated the expression of M2 M¢ associated
gene CD206 (Fig. S9E, Supporting information). Notably, the treat-
ment with AMX-GNPs was responsible for approximately two-fold
reduction in IL-6, TNF-a, IL-18, NOS2 gene expression and upregu-
lated the M2 M¢ associated gene CD206 (Fig. S9A-E, Supporting in-
formation). Here, we observed that potential effect of AMX
encapsulated GNPs which is most likely attributed due to synergistic
effect of AMX and BGlu within the nano formulation and that collec-
tively suppress the expression of inflammatory cytokines and macro-
phage related gene.

In summary, our results demonstrated that orally administered AMX-
GNPs shows significant therapeutic efficacy against AP, primarily due to
the combined effect of AMX and f-Glucan. AMX is anti-inflammatory
agent, while p-Glucan remains over the surface of the nanoparticles,
which facilitates the targeted drug delivery and provides an additional
immunomodulatory effect. The treatment with AMX-GNPs successfully
attenuated pancreatic inflammation and fibrosis, as well as reduced
levels of amylase and lipase enzymes in the bloodstream, providing a
potential alternative for managing AP. The Mechanistic studies, using
immunohistochemical, immunofluorescence and gene expression ana-
lyses provided inside into the molecular mechanism by which AMX-
GNPs reduce the inflammation and contribute to its positive effects in
treating AP.

3.13. Therapeutic efficacy against chronic pancreatitis

In previous in-vivo studies revealed that AMX-GNPs exhibit thera-
peutic potential after oral administration against acute pancreatitis
(AP). These findings prompted us to investigate whether long-term
treatment with AMX-GNPs could be helpful in treating the Chronic
Pancreatitis (CP). We established experimental model of CP in Wistar
rats by long term exposure with L-arginine and optimized protocol for
CP model which is depicted in Fig. 8A. The disease progression and
confirmation of models was confirmed by measuring a standard clinical
marker such as serum lipase and amylase level. The rats were divided
into a five groups CP model, healthy, AMX, fGlu and AMX-GNPs treat-
ment group. The animals were received oral dose following the dosing
schedule as mentioned in Fig. 8A.

CP is a chronic inflammatory disease characterized by the slow and
irreversible destruction of pancreatic parenchymal cells, resulting in
tissue atrophy or fibrosis [54]. We observed extensive atrophy in
pancreatic mass (Fig. 8B) in CP-developed animals due to inflammation.
Body weight and pancreas weight was measured, then pancreas to body
weight ratio was calculated at the end of study to understand the health
and progression of therapy. The pancreas to body weight ratio was
significantly decreased in CP model (Fig. 8C), while serum amylase and
lipase levels were observed to be elevated upto four times compared to
healthy control (Fig. 8D-E). pGlu treated group, showed no visible
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difference in pancreas to body-weight ratio also the serum amylase and
lipase levels in CP rats, however mild improvement might be observed in
pancreatic morphology as compared of CP model group (Fig. 8C-E).
Further, the long-term oral treatment of AMX exhibited potential ther-
apeutic activity against CP, as evidenced by improvement in tissue
morphology (Fig. 8B) and significant reduction in pancreas to body
weight ratio (p < 0.05%), serum amylase and lipase levels (p < 0.05%) in
CP rats.

Further, the long-term oral treatment with AMX-GNPs showed the
highest efficacy (p < 0.001**) against CP disease by reformation in
pancreatic tissue and improvement in pancreas to body weight ratio,
additionally serum amylase and lipase levels also observed to be in the
normal range.We also observed that biological effect of AMX-GNPs was
significant as compared to AMX treated group (Fig. 8C-E). These results
suggest that AMX-GNPs hold strong therapeutic potential for CP treat-
ment and its better alternative to the existing therapies.

In the next step, we assessed AMX-GNPs in CP model at histological
level in pancreatic and lung tissues. The histoarchitecture of lungs and
pancreatic tissue of the healthy rats revealed characteristic histopa-
thology in H&E staining. Healthy pancreas showed normal interlobular
and intralobular spaces, typical acinar cell structure, or pancreatic islets,
with normal parenchymal cells and no infiltration of immune cells, also
there was no prominent edema or infiltration of inflammatory cells
having normal alveolar structure in lung tissue (Fig. 8G). Further, the CP
rats exposed with repeated dose of L-arginine, exhibited major histo-
pathological alterations in pancreatic tissue and lung pathology in H&E
staining, which are represented in Fig. 8F&G. Oral treatment with
p-Glucan or AMX in CP rats showed a mild reduction in pathological
score of pancreatic and lung tissues, although these improvements were
not statistically significant as compared to the untreated CP model
group. The AMX-GNPs treatment significantly improved (p < 0.01**)
histoarchitecture as compared to CP group, by reducing the histopath-
ological score of the pancreas, which results in recovery of acinar and
pancreatic cell morphology, and the absence of hemorrhage and fat
necrosis, along with a recovery in lung histology observed looks similar
to healthy group (Fig. 8F&G). All results of H&E staining suggested that
prolonged treatment with AMX-GNPs could reduce CP associated his-
topathological injury of pancreatic and lungs tissue.

Subsequently, histopathological changes of pancreatic tissue after
treatment were also confirmed by Masson’s trichrome staining (Fig. 8H).
The percentage fibrotic area was calculated on the basis of positive
staining in periductal tissue, acinar cells and interlobular space [50]. We
observed that 80-90 % fibrosis in pancreatic tissue of disease rat which
represented fibrosis with extensive intralobular sclerosis are developed.
In contrast, AMX-GNPs treatment showed (Fig. S7A Supplementary
File) marked reduction in pancreatic fibrosis upto 35 %. This effect was
highly significant (p < 0.001***) as compared to disease group, which
demonstrated the AMX-GNPs shows significant potential to reduce the
pancreatic fibrosis in CP rat.

To further understand the mechanistic pathway of AMX-GNPs after
treatment in CP disease, we performed IHC staining of key inflammatory
markers (NF-kB, IL-6). We observed a potential increment in immuno-
positive cells of NF-kB and IL-6 in diseased animal (Fig. 8H and Fig. S7,
Supplementary file), due to development of chronic inflammation in
pancreatic tissue. When we compared the free AMX treatment group to
CP model group, we observed a potential reduction (p < 0.05*) in the %
of IL-6 and NF-kB positive cells (Fig. S7B-C, Supplementary file).
Notably, AMX-GNPs treatment significantly regulated expression of NF-
kB and IL-6 compared to the disease group, additionally this effect was
also higher than (p < 0.01**) AMX group (Fig. 8H and Fig. S7B-C,
Supplementary file).

Subsequently, we evaluated IHC staining (Fig. 8H) of anti-
inflammatory markers (IL-4), that suggested fGlu and AMX itself can
be increased the % IL-4 immunopositive cells (Fig. 8H and Fig. S7D,
Supplementary file) in pancreatic tissue most likely to immunomodu-
latory effect (macrophage reprogramming) of pGlu and AMX. While
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Fig. 8. Therapeutical efficacy of AMX-loaded fGlu-PLGA nanoparticles (AMX-GNPs) against Chronic pancreatitis (CP) (A). Schematic representation of experimental
model and treatment timeline. (B). At the end of treatment schedule, pancreas was isolated, and images were captured for morphological assessment. (C) Graphs
represent the pancreas to body weight ratio of every group. (D&E) Serum amylase and lipase level of treatment group, disease (CP) and healthy group (control) (F)
Histopathological scoring of pancreatic tissue, scoring was done based on representative H&E staining. (G). Histopathological alterations in pancreas and lung were
analysed by H&E staining (scale bar = 300 um) (H). Anti-inflammatory effect of pGlu (p-Glucan), AMX, AMX-GNPs was evaluated using Masson’s trichrome and IHC
staining for NF-kp, IL-6 and IL-4 expression in pancreatic tissue (scale bar = 50 um). All graphs are presented as mean + SEM (n = 3). Level of significance p <
0.001***, p < 0.01**, p < 0.05* & ns = p > 0.05.
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tissue section AMX-GNPs treated CP rats exhibited notable (p <
0.001***) rise in IL-4 expression. Immunohistochemical analysis indi-
cated AMX-GNPs treatment was showing potential effect on NF-kp, IL-6
and IL-4 immunopositive cells against CP disease. This reduction might
be attributed to the additive effects of AMX and p-Glucan, that overall,
significantly inhibits the NF-kB, IL-6 and activate IL-4 expression
(Fig. 8H and Fig. S7B-B, Supplementary file).

To further evaluate the immunomodulatory mechanism of AMX-
GNPs in macrophage(M¢) reprograming in chronic inflammatory con-
dition, we analysed NOS2 expression with immunofluorescence (ICF)
staining in pancreatic tissue. The immunostaining results demonstrated
a significant reduction in NOS2 (iNOS) expression in AMX-GNP treated
group (results depicted in Supplementary file, Fig. S8), indicated that
AMX-GNPs can modulate M1 M¢ polarization through regulating NOS2
expression in inflammatory disease condition.

Subsequently, we performed a gene expression study on pancreatic
tissues to determine the impact of AMX-GNPs (data presented in Sup-
plementary File, Fig. S10) in CP animal, that showed potential effect on
pro-inflammatory cytokines and M¢ polarization at genetic level. For
this, RT-PCR analysis was conducted to assess the mRNA levels of pro-
inflammatory cytokine genes (IL-1p, TNF-a, and IL-6), as well as the
M2 polarized M¢ cell surface marker CD206 and the M1 polarized M¢
cell surface marker NOS2 following oral treatment in diseased animals.
The L-arginine induced chronic pancreatic injury caused significant
difference (p < 0.001***) in mRNA level of IL-6, TNF-a, IL-1p, NOS2 and
CD206 gene levels in disease group compared to healthy rats (Fig. S10A-
E, Supporting information). The gene expression of M1 M¢ associated
pro-inflammatory cytokines genes were potentially reduced (p < 0.05%)
in AMX treated group (Fig. S10A-C, Supporting information). In
contrast fGlu treatment in CP rat, inhibits in M1 M¢ associated gene and
upregulate expression of M2 M¢ associated gene (Fig. S10D-E, Sup-
porting information). AMX-GNPs treatment potentially responsible for
approximately two-fold reduction of IL-6, TNF-a, IL-1B, NOS2 gene
expression and upregulated the M2 M¢ associated gene CD206
(Fig. S10A-E, Supporting information). The significant effect of AMX-
GNPs against the CP was found to be associated with core part of
nanoparticles that contains AMX and f-Glucan both.

These all mechanistical studies revealed that AMX-GNPs effectively
inhibit NF-kB signaling activity simultaneously reducing the expression
of pro-inflammatory cytokines in CP. The recovery in chronic inflam-
mation after AMX-GNPs treatment was also possible due to immuno-
modulatory effect, which inhibits the M1 M¢ polarization and activation
of M2 polarization of M¢. Further this parameter is responsible for
decrease in inflammation and fibrosis in the pancreas, as well as
reducing the levels of enzymes in the bloodstream, providing a prom-
ising treatment option for managing CP. Additional studies using
immunohistochemical, immunofluorescence and gene expression ana-
lyses helped us to understand how AMX-GNPs reduces the chronic
inflammation and contribute to their positive effects in treating chronic
pancreatitis and understanding the potential mechanism of action.

4. Conclusion

In summary, we have designed AMX-GNPs for oral delivery of hy-
drophobic drug AMX with site-specific targeting via Dectin-1 receptor in
AP and CP model. The p-Glucan surface modified PLGA nanoparticles
are spherical in shape with size ranges around 100 + 20 nm. It exhibited
significant targeting ability for LPS activated macrophages (M¢), the
intestinal M cell helps to uptake the GNPs due to specific binding for
Dectin-1 receptor on these cells. Additionally, AMX-GNPs have potential
to repolarize the pro-inflammatory M¢ into anti-inflammatory M¢ at
target site. The GNPs can protect hydrophobic and acid sensitive drug
molecules from harsh gastric environment and improve oral bioavail-
ability. Moreover, the AMX-GNPs showed excellent anti-inflammatory
effect by decreasing inflammatory cytokines and nitrite level in acute
and chronic pancreatitis. The GNPs showed that they are biocompatible
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and safe for oral administration. The p-Glucan on outer surface of GNPs
responsible for targeted and acid-resistant properties to protect the drug
via oral route. The AMX-GNPs showed maximum reach at the targeted
site by following ILS. Further AMX-GNPs effectively inhibits the NF-xB
activation, pro-inflammatory cytokines release and modulate the M¢
polarization due to AMX and p-Glucan. We also observed that AMX has
significant anti-inflammatory potential but need to be given with carrier
to upscale the bioavailability and further its specific effect. Overall, the
combined effect of the AMX and GNPs potentially inhibited the
inflammation and assisted to prevent the further progression of the
pancreatitis in acute and chronic disease condition.

Collectively, our current study provides substantial evidence linking
AMX-GNPs to NF-kB modulation by several downstream signaling
molecules including cytokines such as IL-6, IL-1p and IL-4 with TNF-a,
NOS-2 which exclusively follows NF-kB pathway [55-57]. Further, these
markers have showed the effect on M¢ reprogramming as well as
influencing the NF-xB stimulation or downregulation. Further, this study
explores partial mechanism of the upstream NF-xB pathway (e.g., [kBa
phosphorylation, p65 nuclear translocation need to be explored) this
would be our next goal to understand the direct involvement of the NF-
kB upstream and downstream molecules in context to AMX-GNPs.
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