JCHR (2024) 14(6), 2129-2143 | ISSN:2251-6727

Journal of Chemical Health Risks

www.jchr.org

In-vitro

and

In-vivo Characterization of Melatonin-Loaded

Nanoparticles for the Treatment of Inflammatory Bowel Disease

Kamdev Sen?, Priya Patel?, Pradeep Kumar Samal', Khileshwari*3, Shashank Kumar Tiwari4, Aditi Bhatt?, Neha
Baghel®, Jhakeshwar Prasad’

'Guru Ghasidas Vishvavidyalay, Koni Bilaspur - 495009, Chhattisgarh, India

2Rungta Institute of Pharmaceutical Science and Research, Kohka, Kurud — 490024, Bhilai, Chhattisgarh, India

3Rungta College of Pharmaceutical Sciences and Research, Kohka, Kurud — 490024, Bhilai, Chhattisgarh, India

“Lords International College of Pharmacy Alwar-Bhiwadi Rd, Chikani — 301028, Rajasthan, India

SMetro College of Health Sciences and Research, Greater Noida - 201310, Uttar Pradesh, India

6Shyam Balaji Pharmacy College, Mahasamund - 493445, Chhattisgarh, India

"Shri Shankaracharya College of Pharmaceutical Sciences, Junwani — 490020, Bhilai, Chhattisgarh, India
*Corresponding Author - Khileshwari; Rungta College of Pharmaceutical Sciences and Research, Kohka, Kurud,
Bhilai, Chhattisgarh, India

Email id. - nishadkhileshwari75@gmail.com

(Received: 16 September 2024

KEYWORDS
Melatonin;
Inflammatory
bowel disease;
Ulcerative colitis;
Pharmacological
treatment

Revised: 11 October 2024 Accepted: 11 December 2024)

ABSTRACT:

Inflammatory Bowel Disease (IBD) is a complex inflammatory condition arising due to interactions
of environmental and genetic factors that lead to dysregulated immune response and inflammation in
intestine. Complementary and alternative medicine approaches have been utilized to treat IBD.
However, chronic inflammatory diseases are not medically curable. Hence, potent anti-inflammatory
therapeutic agents are urgently warranted. Melatonin has emerged as a potent anti-inflammatory and
neuroprotective candidate. Although, it’s therapeutic efficacy is compromised due to less solubility
and rapid clearance. Hence, we have synthesized melatonin loaded chitosan nanoparticle to improve
drug release profile and evaluate its in-vitro and in-vivo therapeutic efficacy. Mel-CSNPs exhibited
better anti-inflammatory response in an in-vitro and in-vivo IBD model. Significant anti-
inflammatory activity of Mel-CSNPs is attributed to nitric oxide (NO) reduction, inhibited nuclear
translocation of NF-kB p65 and reduced IL-1B and IL-6 expression. In-vivo biodistribution study
has shown a good distribution profile. Effective in-vivo therapeutic efficiency of Mel-CSNPs has
been confirmed with reduced disease activity index parameters and inhibited neutrophilic
infiltration. Histological evaluation has further proved the protective effect of Mel-CSNPs by
preventing crypt damage and immune cells infiltration against Dextran Sodium Sulphate induced
insults. Immuno-histochemical analysis has confirmed anti-inflammatory action of Mel-CSNPs with
reduction of inflammatory markers, Nitric Oxide Synthase-2 and Nitrotyrosine. Indeed, this study
divulges anti-inflammatory activity of Mel-CSNPs by improving the therapeutic potential of
melatonin.

1. Introduction

condition in which there is ulceration in mucosal and
submucosal region of colonic tissue leading to

Inflammatory Bowel disease (IBD) is an idiopathic
condition resulting from dysregulated immune response
to the host gut microbiota. There are two major
pathological conditions included in this category

which includes Ulcerative Colitis (UC) and Crohn’s
Disease (CD). Ulcerative Colitis (UC) includes
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gutepithelial layer damage which is limited to colon and
rectum region of gastrointestinal tract [1]. Histological
finding of UC is characterised by acute and chronic
inflammation  of  polymorphonuclear  leukocytes,
mononuclear cells, pus, crypt damage and goblet cells
depletion [2]. Crohn’s Disease (CD) can occur in any
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region of gastrointestinal tract but it is most commonly
observed in ileocecal region. In that, inflammation can
extend up to serosa resulting into sinus tracts.
Histological examination may reveal inflammation
extending to the submucosal region and may be
accompanied by non-caseating granuloma formation
[3]. Rectal bleeding occurs more often in UC patients
whereas patients suffering from CD shows weight loss
and perianal disease. Indeed, risk of autoimmune
disease is higher in person suffering from CD compared
to normal individual [4]. The prevalence of IBD is
rising globally which raises the issue of developing
colorectal cancer in the near future. As per a report, 3.9
million females and 3 million males of the globe are
living with IBD. Earlier, it was believed that IBD is
only prevalent in developed countries. However, the
prevalence of IBD is also increasing in developing
countries which raise the alarming condition about risk
of this disease. Pharmacological intervention used for
treatment of IBD at present include salicylates,
immuno-modulators,  corticosteroids, and  anti-
TNFalpha agents [5]. In spite of limited therapeutic
efficacy, these agents show undesirable toxic effects
which limits their application as curative agent.
Immunotherapy is also available for IBD treatment but
the cost of immunotherapy compromises its application
and viability to common individuals [6, 7]. Hence, new
pharmacological agents having better therapeutic effects
are warranted for IBD treatment. Melatonin is naturally
occurring neuro-hormone which has higher therapeutic
potential with anti-inflammatory, antioxidant and
neuroprotective activity [8]. Melatonin is available over
the counter (OTC) which suggests its safety parameter.
Melatonin has shown a promising potential as anti-
inflammatory agent in murine model Ulcerative colitis
(UC) [9]. Apart from being highly potent drug, the
therapeutic efficacy of melatonin is compromised due to
its poor solubility and burst drug release which
increases its dosing interval and therapeutic dose also
[10]. Hence to overcome this limitation, we have
synthesized chitosan based nano-formulation of
melatonin to improve the therapeutic potential of
melatonin. Chitosan being highly biodegradable,
biocompatible and non-toxic is widely studied as a
pharmaceutical excipient. Chitosan is a naturally
occurring cationic polymer of glucosamine and N-
acetyl-glucosamine having pKa of 6.5 which makes it
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soluble in acidic condition due to protonation of amine
group [11]. In recent era, nanotherapeutic approaches
based on nano-drug delivery system has gain attention.
Chitosan nanoparticles based drug delivery system is
also widely studied in improvement of drug release
profile and therapeutic efficacy of hydrophobic drug
molecules [12]. Hence, we encapsulated melatonin in
chitosan nanoparticles to enhance its therapeutic
efficacy by improving melatonin release profile. Here,
we have synthesized melatonin loaded chitosan
nanoparticle following ionic gelation method using
anionic sodium tripolyphosphate to explore it’s in-vitro
and in-vivo therapeutic potential [13]. Invitro
therapeutic efficacy is evaluated against LPS stimulated
macrophages model and DSS-induced Ulcerative colitis
mouse model is followed to analyse in-vivo therapeutic
potential. Here, we first demonstrated therapeutic
efficiency of melatonin loaded chitosan
nanoformulation in IBD treatment [14].

2. Materials and methods

Low molecular weight chitosan (5-20 mPa), melatonin
and o-dianisidine hydrochloride were purchased from
TCI Chemicals Mumbai, India. Sodium
tripolyphosphate (STPP) and lipopolysaccharide (LPS)
were purchased from Sigma-Aldrich Mumbai, India.
Primary antibodies NFkB p65 and Nitric Oxide
Synthase (NOS2) were purchased from SCBT and
Nitro-tyrosine was purchased from Sigma-Aldrich,
Mumbai, India. Secondary Fluorescein Isothiocyanate
(FITC) conjugated anti-rabbit IgG and
Tetramethylrhodamine Isothiocyanate (TRITC)
conjugated anti-mouse 1gG were purchased from SCBT.
Haematoxylin and Eosin were purchased from Himedia
lab. Alcian Blue and Nuclear Fast Red were purchased
from Mumbai, India. All the reagents used in synthesis
were of analytical grade with >98% purity.

Preparation of chitosan nanoparticles (CSNPs) and
melatonin loaded chitosan nanopatrticles

Polymeric nanoparticles of chitosan were prepared
using ionic gelation method, with some modifications
[15]. For preparation of CSNPs, 6 mg of low molecular
weight chitosan was dissolved in 4 mL of 1% aqueous
acetic acid (1.5 mg/mL). STPP solution was dissolved
in Type-1 water (3 mg/mL) and added gradually
dropwise through 1 mL syringe under continuous
magnetic stirring (360 rpm) condition till opalescent
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dispersion is achieved which indicates formation of
nanoparticles [16]. CSNPs were centrifuged at 15000
rpm, washed 3 times for purification and lyophilised for
future application. The ratio of Chitosan and STPP was
optimised to be 2:1 for nanoparticle synthesis. For
preparation of melatonin loaded chitosan nanoparticles
(Mel-CSNPs), different  weight/weight ratio  of
melatonin  with respect to polymer were used.
Melatonin was added into the chitosan solution and
allowed to interact for 1 h, then nanoparticles were
formed by cross linking using STPP through ionic
gelation method and methanol was evaporated to
enhance entrapment of drug into the nanoparticles [17].
Drug and polymer ratio was considered as 1:10, 1:5 and
1:2  for nanoformulation  optimization.  For
characterisation study of drug loaded nanoparticles we
have used only 1:2 ratio. For preparation of Fluorescein
Isothiocyanate (FITC) labelled chitosan nanoparticles,
chitosan (100 mg) was dissolved in 1% acetic acid and
1 mg of FITC was allowed to react for 12 h. The reacted
chitosan and FITC was then dialysed against deionised
water for 72 h for removal of unreacted part. This
fluorescent conjugated chitosan was then used to
prepare FITC-CSNPs using ionotropic gelation method
using STPP or lyophilized for future applications [18].

Fourier transforms infrared (FTIR) and X-ray
diffraction (XRD) analysis

FTIR analysis of chitosan, melatonin, CSNPs and Mel-
CSNPs were performed for functional group
characterisation. Briefly, 2 mg of powdered sample
were mixed potassium bromide (KBr) and pellet was
formed using hydraulic pressure. The pellets were
scanned for analysis and spectra were recorded 4000-
400 cm- 1 for each sample. The changes in crystallinity
of melatonin was evaluated using X-ray diffraction
(XRD) analysis after formation of nanoparticles and
compared with chitosan and chitosan nanoparticles.

In-vitro drug release study

In-vitro drug release of Mel-CSNPs was performed
using dialysis bag method. Briefly, 5 mg melatonin
loaded CSNPs was filled in dialysis bag and placed in
sink condition, 0.1% tween 20 containing PBS pH 7.4
and acetate buffer pH 4.5.The system was stirred at 30
rpm and 1 mL of samples was taken at predefined time
intervals (0, 0.5, 1, 3, 6, 12 and 24 h) refilled with fresh
buffer of equal volume to maintain sink condition. The
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samples were analysed using multimode plate reader
(Tecan Inc.) at 278 nm for evaluating the drug release
profile of Mel-CSNPs [19].

In-vitro cellular uptake study

In-vitro cellular uptake study was performed for FITC-
tagged CSNP to determine the uptake of nanoparticles
in RAW 264.7 murine macrophages procured from
National Centre of Cell Science (NCCS), Pune. The
cells were maintained in Dulbecco Minimum Essential
Medium supplemented with 10% heat inactivated fetal
bovine serum (FBS) (Gibco), 100UmL- 1penicillin and
100 pgmL- 1 streptomycin. Cell line was maintained at
37 °C and 5% CO2 in humidified incubator. Cells were
harvested and 5x105cells were seeded on sterile poly-L-
lysine coated coverslips. Briefly, cells were treated with
FITCtagged nanoparticles for 1 h and thereafter,
coverslips were washed with chilled 10 mM phosphate
buffer saline (PBS) pH 7.4 and fixed with 4%
paraformaldehyde solution. Nucleus of the cells was
counter stained using DAPI (4, 6-diamidino-2-
phenylindole) before mounting on a glass slide. These
cells were observed in a confocal laser scanning
microscope to analyse the cellular localisation of FITC-
tagged chitosan nanoparticles.

Nitrite estimation (NO)

To estimate  anti-inflammatory  potential  of
nanoformulation in-vitro model of inflammation
induced using LPS (1 pg/mL) was followed. Cells were
pre-treated with nanoparticles for 1 h then treated with
LPS for 24 h. The nitrite estimation was performed
using Griess method for NO detection. Briefly, 100 uL
of cell supernatant is mixed with 100 pL of Griess
Reagent, incubated at room temperature 10 min in the
dark. The absorbance was recorded at 540 nm [20].

Haemolysis assay

The blood was collected in 3.8% sodium citrate was
centrifuged to collect Red Blood Cell (RBC) for
haemolysis test of the nanoparticles by following
methodology of our previous study [21]. Briefly, 10
time

dilution of 1 mL of RBC was prepared using PBS pH
7.4. 900 pL of diluted RBC was added to 100 pL
nanoparticles and melatonin loaded suspensions. 0.1%
Triton-X 100 and saline were used as positive and
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negative control, respectively. Finally, 2 mL micro
centrifuge tubes were incubated at 37 °C and
centrifuged at 3500 rpm for 10 min [22]. The collected
supernatant was utilized to estimate OD values at 540
nm to determine the % haemolysis using the following
equations.

Haemolysis % = (OD of the samples — OD of the
negative control)/ (OD of the positive control — OD of
the negative control).

Animals

All the animal experiments were approved by the
Institutional animal ethical committee (IAEC) with
approved animal study protocol number IAEC 17/29
and performed as per guidelines provided by the
Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA). Appropriate
measures were taken to reduce the pain or any
discomfort to experimental animals during study and
final sacrifice. Balb/C mice of 6-8 weeks were housed
in a 12 h light/dark cycle under controlled
environmental conditions at standard 25 + 2 °C with 50
+ 10% humidity. Animals were provided standard chow
diet and drinking water.

In-vivo biodistribution study

Animals were acclimated for three days prior
commencement of the experimental study. The fur of
the mouse was removed from the thoracic and
abdominal region using hair remover cream.
Indocyanine green (ICG) tagged Mel-CSNP (4 mg/mL)
was dispersed in sterile saline solution and administered
intravenously. Indocyanine green is a fluorescent dye
generally used as a medical diagnostics agent used for
evaluating cardiac output, hepatic function, liver and
gastric blood flow which makes it a highly suitable
agent for determining bio-distribution of MelCSNPs.
ICG has spectral absorbance at about 800 nm. The
imaging was performed using a whole body imaging
system for animals at different time points for bio-
distribution analysis of ICGtagged Mel-CSNPs. At the
end of the experiment, mice were sacrificed using CO2
asphyxiation method and vital organs were collected
and imaged using IVIS for tissue distribution study
analysis.

Development of animal model and efficacy studies
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Female Balb/C mice were randomly divided in 5 groups
(n = 6). DSS (36-50 k Da) was given at 5% w/v in
drinking water for five days for induction of ulcerative
colitis. For developing Dextran Sodium Sulphate (DSS)
induced Inflammatory Bowel Disease (Ulcerative
Colitis) in mouse model, DSS (36-50 k Da) was
administered orally by dissolving in autoclaved
drinking water (5% w/v) for 5 days. Treatment with
drug and nanformulations were given simultaneously
for their anti-inflammatory in-vivo efficacy study. The
animals were divided in 5 groups: group 1- Control,
group 2- DSS, group 3- DSS + CSNPs, and group 4-
DSS + Melatonin and group 5-DSS + Mel-CSNPs.

Disease activity index (DAI), % bodyweight and
colon length

Disease activity index was calculated to assess the
severity based on following parameters like stool blood,
stool consistency, and loss in body weight. Scoring was
done based on parameters shown in Table S1. Degree of
inflammation is also determined by change in colon
length. Shortening of colon indicates severity of
inflammation induced in mouse by DSS treatment. In
order to assess the anti-inflammatory activity of
melatonin and Mel-CSNPs, we have measured the
colon length after sacrificing each mouse [23].

Myeloperoxidase (MPO) assay

Tissue samples of colon from mice were collected,
cleaned with forceps to remove faecal matter, weighed
and placed in 1.5 mL sterile Eppendorf microcentrifuge
tubes. Tissue samples were placed on ice all time during
this process. Tissues were homogenised using hand
homogeniser in appropriate amounts of
hexadecyltrimethylammonium bromide (HTAB) buffer
according to their weight (50 mg/mL). After complete
homogenisation of tissues, clear supernatants were
collected by centrifuging for 6 min (13,400 x g, 4 <C).
Supernatants were collected, were used for MPO assay
and unused samples were stored in — 80 -C. For MPO
assay, o-dianisidine solution (100 mL) prepared by
mixing 16.7 mg o-dianisidine dihydrochloride in 90 mL
of Type-1 water and 10 mL potassium phosphate buffer.
The solution should be freshly prepared for every assay.
7 uL of tissue supernatants were placed in 96 well
plates. 50 mL of 3% H202 was added to each well to o-
dianisidine mixture. 200 puL H202 containing o-
dianisidine was added to each well. Absorbance at 450
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nm was recorded using spectrophotometer (Tecan Inc.).
Triple readings were recorded at 30 s intervals. MPO
activity was calculated to assess the therapeutic efficacy
of nanoformulations [24].

Haematoxylin and eosin (H&E)

Histological study for evaluations of pathological
alterations during DSS induced inflammatory
conditions in colonic tissue sections were carried out
using H&E staining. After sacrificing animals, colon
tissue were collected and in formalin solution for 1
week. Briefly, the tissues were frozen in optimal cutting
temperature media and sectioned in 7 pum thickness
using Cryo-microtome. The sections were stained and
microscopically  examined  for  evaluation  of
pathological changes. The sections were mounted on
poly-L-lysine coated slides and stained using standard
staining protocol. Briefly, slides were washed in
distilled water for 3 times (5 min) followed by 10 min
staining in Haematoxylin solution. Followed by a single
dip in ammonia water (bluing agent) and washed with
DI water. After which the slides were stained with
Eosin solution for 30 s, followed by dehydration using
gradient alcohol method and finally dipped in xylene
for complete dehydration. Finally slides were mounted
using permanent mounting medium (DPX) and allowed
to dry for 24 h These stained slides were observed and
imaged using an optical microscope. For Histological
scoring; H&E stained sections were scored blindly
using the published system for the assessment disease
severity. Crypt architecture, muscle thickness, degree of
inflammatory  cell infiltration (normal-O, dense
inflammatory infiltrate- 3), goblet cell depletion
(absent-0, present-1) and crypt abscess (absent- O,
present-1).

Alcian blue and nuclear fast red

Colonic tissue section slides were washed and hydrated
with deionised water. The slides were placed in Alcian
Blue staining solution for 30 min followed by washing
in running tap water for 2 min [25]. The slides were
rinsed with deionised water, counterstained using
Nuclear Fast Red for 5 min and washed in running tap
water for 1 min. Slides were dehydrated using alcohol
gradients and cleared with xylene. Finally, it was
mounted with a resinous mounting medium DPX.
Alcian Blue stains goblets cells in blue colour whereas
Nuclear Fast Red is used as counter stain for staining
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nuclei of epithelial cells. Loss of goblet cells observed
per crypt can be used as parameter for assessing the
intensity of disease [26].

Nitric oxide synthase (NOS2) and nitro-tyrosine

Immuno-histochemical study for expression of NOS2
and Nitrotyrosine which are prominent protein
biomarkers for inflammatory condition. Briefly, colonic
tissue was collected after animals were sacrificed and
fixed using a 4% formalin solution in PBS pH 7.4. The
fixed colonic tissues were treated with 10%, 20% and
30% sucrose solution prior cutting sections on Cryo-
microtome. 7-10 um sections were taken on poly-L-
lysine coated glass slides by fixing then in Optimum
Cutting Temperature (OCT) medium. The tissue
sections were washed with PBS-Triton-X-100, 0.1%
solution to remove OCT. Blocking was done using 5%
Bovine Serum Albumin for 1 h. Primary NOS2 (1:250)
and Nitro-tyrosine (1:250) antibody were treated on the
tissue section at 4 °C for 24 h under humid condition.
After treatment with primary antibody, secondary
antibodies conjugated with fluorescent dye were used
for imaging. The sections were observed and imaged
using fluorescence confocal laser microscopy.

Statistical analysis

All data were calculated as +SEM of each experiment,
for in-vitro (n = 3) and in-vivo (n = 6). Significance was
determined using analysis of variance (ANOVA)
followed by Tukey’s post-test using GraphPad Prism6.
For significance (*p < 0.05, **p < 0.001 and ***p <
0.0001).

3. Results and discussion
Size and morphological analysis of nanoparticles

The mean hydrodynamic size of CSNPs and Mel-
CSNPs were observed to be 135 nm and 155 nm
through dynamic light scattering (DLS) measurement
(Fig. 1(A)). The average PDI was estimated to be 0.133
+ 0.01 and 0.166 + 0.022, respectively. CSNPs (36 + 2
mV) and Mel-CSNPs (35 + 1 mV) showed positive zeta
potential attributed to cationic nature of Chitosan (Fig. 1
(B)). We observed a slight reduction in zeta potential in
Mel-CSNPs which may be due to loading of melatonin.
As nanoparticles were intended for intravenous (i.v.)
administration controlling size is an important aspect
which was observed through TEM images. Hence,
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surface morphology images obtained through TEM
confirmed the spherical and monodisperse nature of our
formulations (Fig. 1 (C)). FESEM images also confirm
the spherical and monodisperse nature of nanoparticles
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(Fig. S1). Results of morphological and size analysis is
lieu to the earlier reports that has shown spherical shape
of melatonin loaded chitosan nanoparticles with size of
110-300 nm range [27].
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Fig. 1. Characterisation of nanoparticles (A) Dynamic Light scattering measurement of mean hydrodynamic size of
chitosan nanoparticles (CSNPs) and Melatonin loaded chitosan nanoparticles (Mel-CSNPs) (B)-Surface zeta potential
measurement of CSNPs (+ 36 + 2 mV) and Mel-CSNPs (+35 + 1 mV) and (C)TEM images of CSNPs and Mel-CSNPS

shows nano-sized particles.

Fourier transform infrared spectroscopy (FT-IR)
and X-ray diffraction (XRD) analysis

Chitosan showed a major hydroxyl (-OH) absorption
band obtained 3400 cm- 1 and free amino (- NH2) at C2
position in glucosamine 1157 cm- 1 peak obtained
denotes -C-O-C-bridge that confirms chitosan presence
[28]. C-O stretching of primary alcohol peak at 1379
cm- 1 was observed in Chitosan. Melatonin showed a
sharp peak at 3300 cm- 1 for N-H bending and a peak
at 3078 cm- 1 for C-N stretching. Melatonin peaks
1495 cm- 1 and 1556 cm- 1 for aromatic -C = and 1627
cm- 1 for -C=0O. CSNPs showed broadened -OH
stretching peak at 3400 cm- 1 which may be attribute
due to formation of nanoparticle and difference between
Mel-CSNPs and CSNPs spectrum, FTIR indicates
complete encapsulation of melatonin (Fig. S2(A)). X-
ray Diffraction (XRD) study was done for evaluation of
physical nature of chitosan, melatonin, CSNPs and Mel-
CSNPs. Chitosan showed broad diffractions peaks at
10.43° and 20.31° which indicates its low degree of
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crystalline nature that is in agreement of previous study.
Melatonin showed highly sharp and intense peak at
10.75°, 11.42¢, 14.760, 16.45°, 18.89°, 20.48¢, 22.53c,
24.14° and 24.93- indicating highly crystalline nature of
melatonin  [29]. CSNPs has shown more broad
diffraction peak at 20.31° and Mel-CSNPs also shown
similar diffraction pattern with minute crystalline peaks
of melatonin that confirms presence of melatonin in
chitosan nanocarrier [30]. The results are in support of
existing literature that shown XRD analysis of chitosan
nanoparticles and  melatonin  loaded  chitosan
nanoparticles that indicate amorphous structure of
nanoparticles [31] (Fig. S2 (B)). Further, drug loading
efficiency of our nanoformulation was obtained at
different drug polymer weight ratio 1:10 (3.1%), 1.5
(8.5%) and 1:2 (20.4%). We have used the optimum
drug loading at ratio 1:2 which is 20.4% for our study.
The synthesized nanoformulation has shown better
loading efficiency (20.4%) than existing report of
melatonin loaded lecithin/chitosan nanoparticles (7.2%)
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that indicates better property of our nanoformulation
[32].

In-vitro drug release study

The drug release profile from Mel-CSNP showed a
biphasic pattern i. e. initial burst release followed by
prolonged release. Initially, within 1 h of experiment
Mel-CSNP showed cumulative release of 22.05% and
by the end of 24 h, it is up to 76.35% cumulative release
in PBS pH 7.4. Biphasic drug release from
nanoparticles is one of major reason for improving
therapeutic efficacy of melatonin which has poor
retention time in body that in agreement with previous
study. (Fig. 2 (A)). Drug release study in acidic
condition at pH 4.5 showed similar pattern as in PBS
pH 7.4 but was faster and more release of drug occurred
at 24 h which is up to 96.22% (Fig. S3).

In-vitro cellular internalization of nanoparticles

FITC-tagged Mel-CSNP showed higher accumulated
cytoplasmic uptake 1 h post treatment (Fig. 2 (D)). This
indicates the potential of nanoparticles to permeate cells
to deliver drugs. Here, RAW 264.7 murine
macrophages which has basic physiological role of
phagocytosis which could be considered as possible
mechanism of the cellular internalization of
nanoparticle.

In-vitro anti-inflammation analysis

Chitosan is a highly biocompatible and non-toxic
polymer. Hence, CSNPs and Mel-CSNPs did not show
any significant cytotoxicity. In Fig. 2 (B) CSNPs and
Mel-CSNPs used at various concentrations up to 1000
pg/mL did not show any significant cytotoxicity which
is in lieu to reports that demonstrated highly
biocompatible nature of CSNPs [33]. In order to
estimate anti-inflammatory potential of melatonin and
Mel-CSNP, RAW 264.7 cells were stimulated with
lipopolysaccharide (LPS) to generate inflammatory
response. LPS has the ability to generate inflammatory
immune response by stimulating TLR-4 receptors. 1
pg/mL dose of LPS, a bacterial endotoxin has been
utilized by following existing reports to induce
inflammation. The results have shown anti-
inflammatory action of Mel-CSNPs and melatonin, both
(Fig. 2(C)) by reducing 55% and 40% NO generation.
Herein, we found superior protective efficiency of our
nanoformulations in comparison to existing report of
melatonin that has shown 10% nitrite reduction at
250uM dose. In addition, they have demonstrated a
higher 60% reduction with 2000 uM dose. Indeed, our
nanoformulation has shown 55% NO reduction at 200
UM dose of melatonin. It indicates improved melatonin
anti-inflammatory efficiency due to chitosan nano
formulation. It further benefits to reduce the required
effective drug concentration in the treatment of
inflammatory diseases [34].

A ® (C)240 v
Pgo] ) o0 ECSNPs B Me-CNPs A e ONT B LPSERLPSYCSNPS
ol 210/ g LPS+MelgmLPS+Mel CSNPs.
2 100 180
g 70 » §
@ 60! £80 g 150
]
2 50{ 60 g1
340/ = o %
£ o040 z
S 304 ° 2
°xn g 2
® 10‘ 1 —-MelCSNPs (pH7.4) 5
0 5 10 15 20 25 0 1 10 100 250 500 1000 5 100 150 200
Time (Hours) Concentration (ug/ml) Concentration (jig/mi)
o) Brightfield DAPI FITC Merged

Mel-CSNPs

Fig. 2. (A) In-vitro drug release indicates biphasic release, (B) MTT assay for biocompatibility of nanoformulation, (C)
Nitrite estimation for anti-inflammatory activity assessment,(D) Confocal laser microscopy (CLSM) images show major
cytoplasmic accumulation of nanoparticles.(*p < 0.05, **p < 0.001 and ***p <0.0001)(Scale bar = 20 um).
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Nuclear factor kappa-light-chain-enhancer of
activated B (NF-kB) p65 - nuclear translocation
study

NF-«kB p65 is a family of inducible transcription
factors, which regulates a variety of genes involved in
various processes of the immune and inflammatory
responses. LPS binds to TLR4 receptors of
macrophages and activates the translocation of NF-xB
p65 transcription factor from cytoplasm into the
nucleus, which triggers the transcription of target genes
[35, 36]. In Fig. 3,pre-treatment of Mel-CSNP (200
pug/mL) showed better anti-inflammatory response by
interfering with the nuclear translocation of NF-xB p65
compared to bare melatonin and placebo CSNPs

Control

M.rl.d NFkl-iS DAPI

treatment group. Inhibition of NF-xB p65 nuclear
translocation by our nanoformulation indicates its anti-
inflammatory action. These results are in lieu to reports
that have demonstrated inhibition of NF-kB p65 nuclear
translocation as effective therapeutic potential of anti-
inflammatory agents [37]. Immunofluorescence studies
with LPS (1 pg/mL) activated RAW264.7 macrophage
cell line showed active nuclear translocation in
comparison to the only LPS treated cells. Hence, Mel-
CSNPs attenuate gene expression of various NF-kB p65
target inflammatory genes which  exacerbates
inflammatory response. Agreement for results of MTT
assay, NO estimation and NF-xB p65 nuclear
translocation confirms anti-inflammatory action and
therapeutic potential of our nanoformulations [38].

LPS + CSNPs LPS+Mel

Fig. 3. CLSM micrographs reflect anti-inflammatory action of Mel-CSNPs by showing reduction in nuclear translocation
of NF-kB p65 against LPS stimulation.

Haemolysis analysis

The haemolysis test was performed to analyse
haemocompatibility of nanoparticles for its safe
application through intravenous route. The results of the
haemolysis test have shown no significant difference for
Mel-CSNPs and CSNPs at doses of 1 mg/mL and 5
mg/mL, respectively (Fig. S4).This suggests our
nanoformulation is safe for intravenous application and
does not cause lysis of red blood cells. The results are in
well accordance to the report that has demonstrated
better heamocompatibility of chitosan nanoparticle.
Intravenous administration of chitosan nanoparticles has
shown specific targeting due to their nature [39].

In-vivo biodistribution study

In-vivo biodistribution study of 1CG-tagged Mel-CSNP
showed initial distribution in highly perfused tissue i.e.
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heart and liver as shown in Fig. 4. The reduction in
fluorescence intensity was seen during later time points
indicating gradual clearance of nanoparticles from the
body [40]. As a result the fluorescence intensity in the
kidney and liver was increased compared to the initial
time point that indicates clearance path of nanoparticles.
Results are in lieu to existing reports that indicate liver
and kidney mediated clearance path of nanoparticles
[41]. Also, ex-vivo imaging showed that there was
lower fluorescence intensity in vital organs like brain,
kidney liver, heart and spleen due to low retention and
clearance of nanoparticles from these organs. However,
high fluorescence intensity observed in target colonic
tissue shows higher retention of nanoparticles in colon.
This is might be due to higher availability and
expression of melatonin receptors and higher
accumulated proportion of macrophages in colonic
region [42, 43].
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In-vivo therapeutic efficacy study

In order to assess the therapeutic efficacy of nano-
formulation, the Disease Activity Index was calculated
for each experiment to understand severity of disease
caused due DSS treatment. The desired therapeutic
effect of melatonin and Mel-CSNPs was also monitored
in DSS induced ulcerative colitis in mice. The higher
DAl suggests severe inflammatory pathological
conditions like diarrhoea and bleeding in DSS induced
colitis mice and significant recovery has been observed
with Mel-CSNPs in comparison of other treatment
groups (Fig. 5(A)). As shown in Fig. 5(A) there was no
significant difference observed in melatonin and Mel-
CSNPs groups but after 5th day onwards Mel-CSNPs
exhibited significant improvement in therapeutic
efficacy compared to bare melatonin. Similarly, in Fig.
5(B), the significant restoration of body weight has been
noted with MelCSNPs treatment in comparison to

melatonin treatment group against DSS induced weight
A) 12hr

ICG-MelCSNPs

-
o
-

ICG-Mel CSNPs

loss. Leaky gut pathological conditions causeweight
loss due to compromised gut function which arises due
to DSS challenge in mice. Indeed, the recuperative
effect of Mel-CSNPs has been confirmed by observing
negligible reduction in colon length with respect to
control

group versus DSS induced colon damage in Fig. 5(C—
D). Herein, our Mel CSNPs has shown better in-vivo
therapeutic efficacy in comparison to bare melatonin in
terms of colon length parameter analysis. Hence, our
nanoformulation has exhibited its therapeutic efficiency
by improving health measures of mice having DSS
induced IBD symptoms. Bare melatonin having short
plasma half-life in the body is cleared out of the system
which may be the possible cause of compromised
antiinflammatory activity [44]. Mel-CSNPs exhibited
significant improvement in anti-inflammatory activity
which is apparent from results depicted in Fig. 5.

Fig. 4. (A) In-vivo bio-distribution study of Indocyanine green (ICG)-tagged Mel-CSNPs and (B—C)—Ex-vivo bio-
distribution of ICG-Mel-CSNPs, (a- stomach, bdeodenum, c- ileum+jejunum, d- colon, e- spleen, f- heart, g- kidney, h-
brain and i- liver) show good bio-distribution and clearance path of nanoparticles. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (A)- Disease Activity Index, (B) Percentage change in body weight,(C-D) Colon length evaluation, (E)
Myeloperoxidase (MPO) assay in colonic tissue homogenates and(F)Gene expression of analysis in colonic tissue sample
of mice confirms anti-inflammatory potential of Mel-CSNPs.(*p < 0.05, **p < 0.001, ***p < 0.0001and ns: non-
significant).

Myeloperoxidase assay

Myeloperoxidase (MPO) activity is linked with degree
of intestinal inflammation and neutrophilic infiltration.
Higher number of neutrophilic infiltration is observed
during inflammatory condition [45]. MPO is present in
neutrophil which can be used to assess degree of
neutrophilic infiltration and inflammation. The
efficiency to prevent infiltration of immune cells to the
disease sites proves the anti-inflammatory potential of
therapeutic agent. In correspondence of it, MPO activity
is found higher in group 2: DSS and group 3: DSS +
CSNPs, whereas it was significantly reduced in group 4:
DSS + Melatonin and group 5: DSS + Mel-CSNPs in
Fig. 5(E).This results shows superior anti-inflammatory
efficiency of our nanoformulation in comparison to
existing report of anti-inflammatory agents by reducing
double fold infiltration of immune cells to DSS induced
colon [46]. Here, Mel-CSNPs has exhibited more
reduction in MPO activity in comparison to bare
melatonin that indicates improvement in therapeutic
efficiency by nanotherapeutic approach. Thus, results of
MPO activity have revealed anti-inflammatory activity
of our nanoformulation. The gene expression analysis
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of inflammatory genes has been performed to confirm
this claim [47].

gPCR analysis — gene expression study

In DSS induced mice model of Ulcerative colitis there
was significant up regulation gene expression of various
inflammatory genes like IL-1p, IL-6 and NF-kB [48].
Hence, we have analysed expression of IL-1B, IL-6 and
NF-xB to confirm anti-inflammatory action of our
nanoformulation. In results, the significant reduced
expression of inflammatory genes was found with
treatment of our nanoformulation against DSS induced
insults in Fig. 5(F). The results have shown similar
double fold decreases compare to the reports that have
shown reduction in inflammatory —markers as
therapeutic activity of anti-inflammatory agents [49].
There is one fold down regulation of inflammatory
markers with Mel-CSNPs in compare to Melatonin
against DSS induced expression reflects improvement
in therapeutic activity due to nanoformulation in
compare to bare melatonin [50].

Haematoxylin and eosin staining

Histopathological examination was done using
Haematoxylin and Eosin (H&E) staining on colonic
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tissue sections to analyse protection against DSS
induced toxicological demarcation. As shown in Fig.
6(A), microscopic images of colonic tissue sections of
different treatment groups were stained with H&E.
Control group showed normal colonic tissue
morphology whereas the DSS treated group showed
complete damage of colonic crypt and villi. Higher
amount of immune cell infiltration in colonic tissue
sections of DSS treated groups has been observed. The
DSS + CSNPs exposed group has not shown reduction
in immune cell infiltration which is shown in Fig. 6(A)
indicates a significant difference when compared
between bare Melatonin and Mel-CSNPs treated group.
Also, the results are in agreement of results of MPO

2

DSS + CSNPs

activity that confirms nanoformulation improved anti-
inflammatory action in respect to bare Melatonin in
treatment of DSS induced IBD. Mel-CSNPs exhibited
improvement in anti-inflammatory therapeutic efficacy
of melatonin which is obvious from the gross
pathological in-vivo therapeutic evaluation depicted in
Fig. 5. Further these results were more strongly
supported and proved by histological evaluation
performing H&E study. Histopathological analysis
revealed remarkable inflammatory pathological changes
in a cross section of colon, like epithelial layer erosion,
fibrotic changes, immune cell infiltration, goblet cell
damage etc., which was significantly attenuated in Mel-
CSNPs suggesting its therapeutic efficacy.

_Control

DSS+Melatonin DSS+Mel-CSNPs
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Fig. 6. A- Haematoxylin and Eosin (H&E) staining of cross section of colon (7 um) indicates pathological demarcation.
B- Alcian Blue and Nuclear Fast Red (AB-NR) staining of cross section of colon (7 pm)for evaluating goblet cells (Blue)
and epithelial cells (Red) (C) Histological score for H&E stained cross section of colon. (D)

Goblet cell(s) count per crypt in the cross section of
colon. (*p < 0.05, **p < 0.001, ***p < 0.0001and ns:
non-significant).

Alcian blue and nuclear fast red staining

Alcian blue staining was done to evaluate loss of goblet
cell number and damage occurred during DSS-induced
inflammatory conditions in the mouse. In Fig. 6(B) the
control group showed normal goblet cells number in
crypt of colonic tissue sections. In colonic tissue
sections of DSS and DSS + CSNPs treatment groups
there is a remarkable decrease in goblets cell number
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per crypt which indicates the extent of severity and
damage occurred during inflammatory conditions.
Crypt destruction occurs due DSS induced epithelial
damage in mice results in depletion of goblet cells
which are responsible for maintaining the gut
homeostasis and protect the epithelial layer against
pathogenic insults by secreting mucin a sticky
protective substance. While DSS + MelCSNPs has
exhibited better prevention in immune cell infiltration
and negligible damage to the colonic crypt in
comparison to DSS + Melatonin treated group. There
was a significant amount of goblet cells found in
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colonic tissue sections of DSS + Melatonin (10.8 goblet
cell/ crypt) and DSS + MelCSNP groups (13.6 goblet
cell/ crypt). This result also reflects better therapeutic
efficiency of Mel-CSNPs in comparison to bare
melatonin. Our study suggests that bare melatonin and
Mel-CSNPs showed protection against DSS induced
epithelial damage leading to goblet cells depletion and
crypt damage which is in line with earlier studies
Moreover, the present study adds that nanoformulations
of melatonin improves the therapeutic potential
significantly which is shown in Fig. 6 (C) and (D) [51].

Nitric oxide synthase 2 (NOS2) and nitro-tyrosine

Immuno-histochemical (IHC) analysis has been
performed to confirm the mechanism  of
nanoformulation as an anti-inflammatory agent. In
result, IHC analysis has shown upregulation of
inflammatory biomarkers like NOS2 and Nitro-tyrosine
in DSS induced inflammation in mice as shown in Fig.
7(A). Nitric oxide synthase (NOS2) is an inflammatory
biomarker, with elevated infiltrated inflammatory M1
macrophages in DSS induced colitis condition. In
contrast, DSS + Mel-CSNPs treated group has shown
remarkable down regulation in NOS2 expression in
comparison to bare Melatonin treated group as shown in
Fig. 7(A). The fluorescence intensity is quantified and
is found to significantly reduced in Fig. 7(B) of DSS+
Mel-CSNPs treated compared to bare DSS + Melatonin
treated group which suggests improvement in
therapeutic potential of nanoformulations. Melatonin is
known to reduce NOS2 expression in murine ulcerative
colitis models. Here, we have explored the
improvement in anti-inflammatory activity of melatonin
loaded nanoformualtion which results improved
therapeutic efficacy of melatonin. Melatonin can also
act by down regulating innate immune system in order
to modify host response leading to reduction in
inflammatory process. Macrophages are essential part
of innate immune response; hence melatonin causes
reduction in macrophage expression resulting in its anti-
inflammatory activity. Inhibition of NOS2 by melatonin
is linked with its effect on NF-xB expression [52]. In
this study we have investigated nuclear translocation of
NF-kB p65 which is inhibited by melatonin and
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melatonin loaded nanoformulations which results in
reduced expression NOS2 in colonic tissue. Melatonin
loaded nanoformulation demonstrated significant
reduction in NOS2 expression which resulted in
improved therapeutic efficacy. The increased
expression of NOS2 results in increased production
nitrite radical which assists in formation of increased
oxidative stress. These results in increased level
oxidative  stress  which  causes  uncontrolled
inflammation and thereby resulting pathological
damage to colonic tissue. in mice as shown in
histopathological examination study in Fig. 6 where
H&E staining performed on DSS challenged mice
results in increased pathological score compared to
control where no damage is observed. Melatonin and
Mel-CSNPs significantly improved pathological score
even when challenged with DSS. Similarly, immuno-
histochemical analysis of Nitro-tyrosine was performed
to evaluate degree of peroxynitrite mediated protein
nitrosylation occurred during DSS induced colitis in
mice. Nitro-tyrosine expression was highly upregulated
in DSS induced colitis mice [53]. In biological system
tyrosine nitration occurs as part of oxidative damage or
stress that results from pathological condition. In Fig.
8(A), higher reduction in fluorescence intensity of
nitrotyrosine expression confirms better therapeutic
efficacy of our nanoformulations in compare to bare
Melatonin by reversing the DSS induced pathogenic
signatures [54]. As shown in Fig. 8(B) quantification of
fluorescence intensity is evaluated for comparative
study of efficacy of bare Melatonin treated group and
nanoformulations treated group which clearly suggests
significant reduction in expression of nitrosylation
status in colonic tissue cross section resulting in
improvement in therapeutic efficacy of Melatonin. Our
results are in compliance with earlier studies performed
using melatonin against inflammatory pathological
condition. Overall, Mel-CSNPs have proved its
immense anti-inflammatory and therapeutic potential
with support of the various results of in-vivo therapeutic
assessments. The better therapeutic efficacy than bare
melatonin proves that Mel-CSNPs endow anti-
inflammatory activity in prevention of IBD [55].
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Fig. 7. (A) Immuno-histochemical staining of Nitric Oxide synthase 2 (NOS2) indicates M1 macrophage infiltration due
to inflammation (B) Quantification of the fluorescence intensity. (*p < 0.05, **p < 0.001 and ***p <0.0001).
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Fig. 8. (A) Immuno-histochemical stained CLSM images for Nitro-tyrosine represents inflammatory condition (B)
Quantification of the fluorescence intensity. (*p <0.05, **p <0.001 and ***p <0.0001).

4. Conclusions

The results of study indicate that Mel-CSNPs
significantly improves anti-inflammatory activity both
in-vitro and in-vivo in comparison to bare melatonin.
The reduction of NF-xB p65 nuclear translocation and
nitric oxide reduction confirms anti-inflammatory
potential of Mel-CSNPs against in-vitro LPS induced
IBD models. Remarkable decrease in disease activity
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index (DAI) and Myeloperoxidase (MPQO) activity
proves invivo therapeutic efficiency of our
nanoformulation by reducing infiltration of immune
cells to disease sites. The down regulation of IL-1%, IL-
6, NF-xB gene markers and NOS2, Nitro-tyrosine
inflammatory signature molecules divulge immense
anti-inflammatory activity of our nanoformulation.
Thus, the comprehensive analysis of the in-vitro and in-
vivo study provides strong evidence toward
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improvement of antiinflammatory activity with use of
nanotherapeutic strategy compared to bare melatonin in
IBD treatment.
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