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ABSTRACT

Objective: Citrus maxima (Burm). Merr. (C. maxima) peel oil is traditionally used to relieve stress. Its antimicrobial, cardioprotective,
hepatoprotective, and anti-inflammatory properties make it a versatile remedy. C. maxima hold immense potential in modern therapeutic
applications. This study aimed to formulate and evaluate Citrus maxima microspheres for in vitro and in vivo anti-inflammatory activity.

Methods: The present study was carried out using Citrus maxima peel oil extracted and GC-MS (Gas Chromatography-Mass Spectroscopy) was
performed for complete chemical profiling. Microspheres were prepared using chitosan polymer with an emulsion chemical crosslinking approach
and evaluated using SEM (Scanning Electron Microscopy), infrared spectroscopy, thermogravimetric assay, XRD (X-ray Diffraction), etc. An in vitro
assay was performed using the inhibition of albumin denaturation assay and the membrane stabilisation method. In vivo anti-inflammatory activity
was assessed using Carrageenan-Induced paw edema.

Results: GC-MS of Citrus maxima peel oil identified limonene (69.98%), beta-myrcene (6.23%), auraptene, alpha-pinene, and linalool as significant
constituents. Formulation 1 (F1) showed the highest yield (79.28%), drug loading (84.28%), and encapsulation efficiency (78.32%) and also the
highest swelling index (900.2%). The in vitro release of up to 72.03% in 8 h from F1 followed Higuchi kinetics (R? = 0.9859), suggesting diffusion-
controlled release. Anti-inflammatory bioassays showed significant inhibition of protein denaturation and membrane lysis comparable to
Diclofenac. In vivo, F1 microspheres at 400 mg/kg suppressed paw edema by 88.24%, approaching the activity of indomethacin (94.12%),
establishing enhanced and sustained anti-inflammatory activity.

Conclusion: Citrus maxima oil-loaded microspheres exhibited enhanced anti-inflammatory activity in both in vitro and in vivo models. These
findings suggest promising implications for the development of plant-based, biopolymer-encapsulated formulations as effective natural anti-
inflammatory therapeutics.
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INTRODUCTION as being a useful compound for coating preformed magnetic
nanotubes. Additionally, because of its positive charge, chitosan can
interact with negatively charged substrates, like genetic

components, promoting their complexation, intracellular transport,

In the context of modern pharmaceutical technology,
microencapsulation is a beneficial method for modifying the

physicochemical and biopharmaceutical characteristics of certain
active ingredients [1]. In order to do this, biocompatible polymers
that can trap bioactives have been utilized to improve its miscibility
in aqueous food items, conceal off flavours, enhance site-specific
targeted administration, and boost the stability of entrapped
chemicals in food, cosmetic, cosmeceutical, and pharmaceutical
industries [2]. In creating novel nano-and microformulations of
natural bioactives, respectively, there is an increasing interest in
using safe polymeric nano-and microdevices [3-5].

Pomelo, also known as Citrus maxima, is the largest citrus fruit in the
Rutaceae family and native to South and Southeast Asia. It is rich in
vitamin C, saponins, alkaloids, phenols, glycosides, terpenoids, amino
acids, flavonoids, carbohydrates and carotenoids. The essential oils
from the leaves and fruit peel contain nerolyl acetate, limonin,
geraniol, and nerolol. (Xu G). Ethnopharmacological studies have
shown that C. maxima has various pharmacological activities, including
hepatoprotective, analgesic, antitumour, anti-inflammatory,
hypocholesterolemic, antioxidant, and antidiabetic properties [6].

Chitosan is a biopolymer of P1—4 linked 2-amino-2-deoxy-
glucopyranose and 2-acetamido-2-deoxy-B-D-glucopyranose
residues that is produced by N-deacetylating chitin, a plentiful
biopolymer isolated from the exoskeletons of crustaceans such as
crabs and shrimps [7-11]. Due to its biocompatibility and
mucoadhesion properties, chitosan has been used extensively for the
microencapsulation of bioactive compounds. These applications
include pulmonary, intestinal, and transdermal drug delivery, as well

and protection [9].

The properties of chitosan can be utilized to enhance the
pharmacological activity of pomelo oil, creating a microformulation
with sustained action. Pomelo oil-loaded chitosan microspheres
were prepared and evaluated using an emulsion chemical
crosslinking approach. Pomelo oil is used worldwide and its
pharmacological properties have been studied; however, no study
has examined its anti-inflammatory properties. In this study, we
used in vitro and in vivo models of inflammatory illnesses with
pomelo oil extract and pomelo oil microspheres to establish its
ethnomedicinal advantages against a variety of inflammatory
diseases. The Particle size, encapsulation effectiveness, in vitro
release behaviour, and in vitro release kinetics of the microspheres
were assessed.

MATERIALS AND METHODS
Chemicals and drugs

Merck Life Science Pvt. Ltd. (Mumbai, India), and HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) provided chitosan, sodium
hydroxide (NaOH), glacial acetic acid, methanol (analytical grade),
hydrochloric acid (0.1 M), Bovine Serum Albumin (BSA), phosphate-
buffered saline (PBS), normal saline, and n-alkanes (used for LRI
calibration).

Carrageenan A and Diclofenac sodium (Declophen®) were procured
from Pharco Pharmaceuticals, available through wholesalers in
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India. ELISA kits for TNF-a and IL-1f3 were acquired from ABclonal
Technology and distributed in India by Biokart India Pvt. Ltd. and
Genxbio Health Sciences Pvt. Ltd.

Perkin Elmer sells zinc selenide (ZnSe) ATR crystals for FTIR,
Shimadzu sells alumina crucibles for TGA, and JEOL sells gold
sputtering supplies for SEM.

Extraction of pomelo oil

Fresh pomelo (Citrus maxima Linn) fruits were collected from
Jharkhand (latitudes 23.9586612°N and longitudes 86.8057714°E)
of India in October 2023, authenticated by K. Karthigeyan, Scientist
E, Central National Herbarium, Botanical Survey of India, Howrah,
with an authentication no CNH/Tech. 11/2023/21. The ripe fruits
were thoroughly rinsed and fruit peels were separated and air dried
for 8-10 d. The peels (200 g) were transferred into a round-bottom
flask and extracted using a Clevenger apparatus for 8 h. The 0Oil
extracted was collected and stored in an amber colored glass vial,
sealed, and kept at 4 °C for further use.

Yield of pomelo peels oil (Y) obtained for every run was calculated
as follow [12]:

Volume of essential oil(ml)

Y (%) = X 100

Amount of raw materials (g)
GC-MS sample preparation and analysis of pomelo oil

To prepare the sample for GC-MS, 5 ml of the extracted oil was
dissolved in methanol. After centrifuging the solution at 3000 rpm
for 15 min, an aliquot of 1 ul** was injected for GC-MS analysis. The
content of the volatile oil is expressed as a percentage of v/w. A
Shimadzu gas chromatograph with a SE-30 10% Chromos orb-W
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packed stainless steel column (2 m x 2 mm) was used to perform GC-
MS. Oven programme: 60 °C (5 min), 60°-260 °C (5 °C/min), 260 °C
(10 min); carrier gas - nitrogen, flow rate 40 ml/min; injector
temperature 240 °C; detector temperature 240 °C. Individual
components were identified by matching the mass spectra with
available literature in different libraries, such as WILEY and NIST by
comparing their mass spectrum values. The Linear Retention Index
(LRI) of a compound is an expression of its retention time on a gas
chromatographic column relative to the homologous series n-
alkanes. The below mentioned equation is used to calculate the LRI
from the retention time [13].

n

LRI = 100 ( +n)

t—t
tn—1-tn
t =retention time of component
n = carbon number of preceding n-alkane
n+1 = carbon number of subsequent n-alkane
Preparation of microspheres

A 2% chitosan solution (w/v) was prepared using a 1% aqueous
acetic acid solution and stirred using a mechanical stirrer at 1,500
revolutions per minute (rpm) for 2 h. Pomelo oil was added and
stirred continuously for 2 h. Microspheres were prepared using an
emulsion-droplet coalescence method. The essential oil-containing
emulsion was then dripped into 100 ml solutions that included 1%
NaOH solution with slight modification as developed ealier [14]. The
obtained microspheres were washed, filtered, and dried at 30 °C for
24 h. Three batches were prepared as per the factorial design [15,
16]. The amount of drug (Pomelo oil) concentration was varied in
batches F1, F2 and F3 as shown in table 1 below.

Table 1: Formulation of pomelo oil microsphere

Formulation 2 (F2)

Formulation 3 (F3)

Formulation Formulation 1 (F1)
Pomelo oil (ml) 5
2% Chitosan solution (ml) 95

10
90

15
85

Evaluation of the microspheres
Percentage yield, encapsulation efficiency, and drugloading

The Percentage yield (%Y) was evaluated based on the weight of the
microsphere, polymer, and drug used in the preparation of the
emulsions and the final weight after drying, using the following
equation:

Actual weight

% Yield = X100

Theoreitical weight
Drug loading and encapsulation efficiency

The drug loading (DL) and encapsulation efficiency (EE) of the
prepared formulation were assessed using established methods with
slight modifications [17]. An accurately weighed amount of drug-
loaded particles was dissolved in an appropriate solvent to release
the drug. The solution was ultrasonicated for 15 min to facilitate
complete dissolution. The mixture was centrifuged at 10,000 rpm for
10 min to separate undissolved excipients or particles. The clear
supernatant was collected and analysed using a UV-Visible
spectrophotometer at the characteristic wavelength of the drug (e.
g, 265 nm for drug X). The drug concentration in the supernatant
was quantified using a pre-determined calibration curve [18].

The following equations were employed to calculate the percentage
drug loading and encapsulation efficiency:

Actual drug content

1. Percentage drug loading (DL): X 100

Weight of microsphere

2. Percentage encapsulation efficiency (EE):
Actual drug content X 100

Theoritical drug content

The experiments were conducted in triplicate, and the results are
expressed as the mean#Standard Error of the mean (SEM). For

validation of the analytical method, linearity, accuracy, and precision
were assessed as per ICH guidelines

Particle size analysis

A compound microscope was used to perform particle size analysis of
the drug-loaded chitosan microspheres. A small quantity of dry
microspheres was suspended in purified water (10 ml) and
ultrasonicated for 5s. A small drop of the obtained suspension was
placed on a clean glass slide. The slide containing chitosan
microspheres was mounted on the stage of the microscope and
diameter of minimum 300 particles was measured using a calibrated
ocular micrometer [13].

Swelling index

The microspheres (10 mg) were immersed for 24 h at 37 °C in 100
ml of 0.1M HCI. After a day, the microspheres were pulled out, and
the remaining HCl was removed with filter paper. The ultimate
weight of microsphere was then determined. By using the following
formula, the swelling index of the various microsphere formulations
was calculated [19].

Swelling index = WeWe ¥ 100
Wo

Where W: = weight of microspheres observed at 24 h
Wo = initial weight of microspheres
Infrared spectroscopy (FT-IR)

Infrared spectra were collected at a scan range of 500-4000 cm-
lusing a Frontier FTIR/NIR spectrophotometer (Perkin Elmer, USA,
Frontier) with an attenuated total reflectance (ATR) accessory with
zinc selenite crystal (ZnSe) at a resolution of 4 cm?! and an
arithmetic mean of eight scans [20].
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Thermogravimetry

Thermogravimetric (TG) curves were obtained using a TGA/SDTA
851e thermal analyzer (Shimadzu Corporation, Japan; DTG-60)
under an inert atmosphere, and the following analytical conditions: a
flow rate 50 ml/min, heating rate of 10 °C/min and temperature
range between 30 and 600 °C, using alumina (aluminium oxide)
crucible containing approximately 5 mg of sample. The parameter
used to determine the initial degradation temperature was Tonset,
obtained by the intersection of a tangent drawn between the upper
and lower horizontal base lines and the steep part of the sigmoidal
curve, characterizing the point that best represents the degradation
temperature of a compound [21].

X-ray powder diffractometry (X-RD)

The effect of the microencapsulation process on drug-crystallinity
was investigated using X-ray powder diffractometry, as described
previously [10]. Powder X-RD patterns were recorded on Rigaku
(Model-Rigaku, Japan; Smart Lab 9KW) using Ni-filtered, Cuk a
radiation, a voltage of 30 kV and a current of 25 mA. The scanning
rate employed was 2 /min, over 4° to 40° diffraction angle (26)
range. The X-RD patterns of drug-loaded microspheres and drug
powder were recorded in comparison to the empty chitosan [22].

Morphology of microspheres

The surface morphologies of the microspheres were analyzed using
aJEOL JSM 6360 Scanning Electron Microscope (SEM). Samples were
mounted on conductive adhesive tape, sputter-coated with gold, and
imaged at 10 KV accelerating voltage under secondary electron
mode. The method follows standard SEM imaging protocols as
described by Goldstein et al. [23].

Drug entrapment

The drug entrapment efficiency of microspheres was determined
using UV-Vis spectrophotometry. The microspheres were dissolved
in 0.1 M HCl under constant stirring, and the solution was filtered to
remove undissolved particles. The absorbance of the filtrate was
measured at the characteristic wavelength of 217 nm, and the
entrapment efficiency was calculated using the formula described by
Venkatesan et al. in (2009). The drug content of each sample was
determined in triplicate, and the results were averaged [24].

In vitro drug release studies
Solubility studies for sink condition validation

The solubility of Citrus maxima peel oil in the dissolution medium
(0.1N HCl containing 0.5% w/v Tween 80) was determined using the
shake flask method to ensure sink conditions for the in vitro drug
release study. An excess amount of C. maxima oil was added to 10 ml
of the dissolution medium in a capped conical flask. The mixture was
agitated in a water bath shaker at 100 rpm and 37+0.5 °C for 24 h to
attain equilibrium. The samples were then filtered through whatman
no. 1 filter paper and appropriately diluted with methanol. The
concentration of the dissolved oil was determined by UV-Vis
spectrophotometry at 217 nm. Each experiment was carried out in
triplicate, and the mean solubility (mg/ml) was calculated.

The release of Citrus maxima peel oil from chitosan microspheres
for oral anti-inflammatory activity was evaluated, and an in vitro
release experiment of the drug was conducted using a USP
dissolution testing apparatus II (basket type) with a rotation rate of
50 rpm and a temperature of 37+0.5 °C. To enhance the solubility of
the hydrophobic oil and provide sink conditions, a dissolution
medium composed of 900 ml of 0.1N HCI containing 0.5% w/v of
Tween 80 was employed.

Microspheres loaded with pomelo oil content were put in the basket
and then placed to the medium. Every hour for 8 h, 5 ml samples
were removed and immediately replaced with fresh pre-warmed
medium. The samples were filtered through Whatman No. 1 filter
paper, and the absorbance of each sample was determined at 217
nm by a UV-Visible spectrophotometer. The cumulative percentage
release of the drug was determined from the calibration curve of the
absorbance values run in the same medium [25-27].
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In vitro release kinetics

The cumulative release percentage was calculated and plotted
against the time. Dissolution data from the above methods was fitted
to Zero order, First order and Higuchi equations. The mechanism of
drug release was determined by using Korsmayer Peppas equation
[28,29].

In vitro anti-inflammatory activity
Inhibition of albumin denaturation assay

The anti-inflammatory activity was determined by measuring the
inhibition of heat-induced denaturation of Bovine Serum Albumin
(BSA). A reaction mixture of 1% (w/v) BSA in PBS (pH 6.4) with
different concentrations of the test sample was incubated at 37 °C
for 15 min followed by heating at 70 °C for 5 min. After cooling, the
absorbance was measured at 660 nm wavelength. Diclofenac sodium
was used as a reference, and the percentage inhibition was obtained
as per the method described by Sakat SS, Juvekar AR, and Gambhire
MN [30, 31].

Membrane stabilisation method

The anti-inflammatory activity was assessed by evaluating the
membrane-stabilizing effect on Red Blood Cell (RBC) membranes.
Blood was drawn from human participants and diluted with isotonic
saline. The test sample (0.1-1 mg/ml) was added to 1 ml of RBC
suspension and incubated at 37 °C for 30 min, followed by
centrifugation. The absorbance of the supernatant at 560 nm was
determined. The percentage inhibition of hemolysis was determined
by comparing the test sample with the control group. Diclofenac
sodium was employed as the reference standard, as reported earlier
[30].

In vivo tests

Wistar rats weighing 350-375 g were employed in this study. The
animals were obtained from the Establishment of Environment
Controlled Facilities at CLART to be housed at the Rabbit Shed of the
Centre for Laboratory Animal Research and Training (CLART) at
Kalyani, Nadia, West Bengal-741,235 during the 2024-2025 term.
The animals were housed in Adamas University's School of Health
and Medical Sciences (2163/PO/Re/S/22), West Bengal, India. Each
animal was provided with a sufficient supply of food and water. The
room temperature was 20+2 °C, with a 12 h light/dark cycle starting
at 8:00 a. m. Before beginning any pharmacological testing, a
minimum 24 h acclimatization period was provided. All animal tests
were approved by The Adamas University's Institutional Animal
Ethics Committee (IAEC), Department of Pharmaceutical Technology
(Approval No. Au/SoHMS/DoPT/2024 /CCSEA/P-13).

Acute toxicity

The wistar rats weighing 350-375 g were housed at the Rabbits Shed
for 48 h to help them acclimatize before being subjected to the study.
The animals were fasted (3-4 h) by withholding food but not water.
The animals were given a single dose of extract at a dose of 2000
mg/kg. As medicinal plants are generally considered safe, at their
highest dose level (2000 mg/kg) as per OECD guideline 423.

The animals were monitored for, appearance of mucous membrane,
skin fur, eyes, coma, lethargy, sleep, convulsions, salivation, tremors,
diarrhoea, body weight deviation, and mortality and recorded after
0.5 hour, 1 hour, 4 h, 24 h, 48 h, 7 d, and 14 d respectively [32, 33].

In vivo anti-inflammatory activity
Caregeenan-induced paw edema

The oral doses of 200 and 400 mg/kg of Citrus maxima peel oil and
its microsphere formulations were selected based on prior reports
using similar doses for anti-inflammatory activity in Citrus species
[34]. These doses also showed no toxicity in our acute oral study up
to 2000 mg/kg, confirming their safety and relevance for
pharmacological evaluation. By inducing paw edema with
carrageenan, the protective impact of several Citrus maxima oil-
loaded microsphere formulations was examined. The following
formulas were used to inoculate the rats, which were split up into six

299



V.P.etal.

groups of six animals each: i) saline, ii) indomethacin (10 mg/kg), iii)
Citrus maxima oil 200 mg/kg, iv) Citrus maxima oil 400 mg/kg, v)
Citrus maxima oil Microsphere oil 200 mg/kg and vi) Citrus maxima
oil Microsphere oil 400 mg/kg after one hour, 0.1 ml (1% w/v) of
carrageenan was injected into the plantar surfaces of the rats' hind
paws to induce acute inflammation using the method adopted
earlier with slight modification [35]. A mercury plethysmograph was
used to measure the paw volume following the carrageenan

injection.

One helpful

metric for forecasting the protective

Int ] App Pharm, Vol 18, Issue 2, 2026, 297-312

effectiveness of the various formulations was the difference between
the volume of the carrageenan-injected paw and the control paw.
The progression of paw edema was measured at 0, 1, 2, 3, 4, and 5
hour intervals using Vernier digital calliper [36, 37].

Compared to the control groups, which received the vehicle, the
percentage of edema inhibition was calculated using the formula:

Inhibition% =

Change in Control—Change in treatment

x 100

Change in control

Table 2: Constituents present in Citrus maxima oil with their RT time, chemical formula, molecular weight, composition (area %) and
chemical class by GC-MS

No. of Rt Chemical constituents Formulas  Composition Molecula Chemical class

peak (min) (Area %) r weight

1 1.165 Silane, dimethyl- C2HsSi 1.88 60 Metalloid Compounds

2 4.544 .alpha.-Pinene Ci0H16 2.04 136 Aromatic Terpenes

3 5.152 Bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl) Ci0H16 1.84 136 Bicyclic Monoterpenes

4 5.434 beta-Myrcene C1oHi6 6.23 136 Aliphatic unsaturated

5 5.678 Octanal CgH160 1.37 128 Caprylic aldehyde

6 6.306 Bicyclo[4.1.0]heptane, 7-(1-methylethylidene)-(Limonene) C1oH16 69.98 136 Bicyclo terpenes

7 6.385 1,3,6-Octatriene, 3,7-dimethyl-, (E)- Ci0H16 0.19 136 Acyclic Monoterpenes

8 6.524 1,4-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- Ci0H16 0.12 136 Cyclohexane monoterpenes

9 6.696 Cyclopropane, pentyl- CsHie 0.11 112 Cyclo aliphatic alkane

10 6.730 .alpha.-Methyl-. alpha.-[4-methyl-3-pentenyl]oriranemethanol ~ Ci0H1802 0.08 170 Aliphatic alcohol

11 7.116 1,6-Octadien-3-ol, 3,7-dimethyl- C10H180 0.56 154 Acyclic Monoterpenes

12 7.426 trans-p-Mentha-2,8-dienol C10H160 0.21 152 Aromatic terpenes

13 7.614 7-Oxabicyclo[4.1.0]heptane, 1-methyl-4-(1-methylethenyl)- C10H160 0.85 152 Cyclohexane Monoterpenes

14 7.681 Limonene oxide, trans- C10H160 0.39 152 Cyclohexane monoterpenes

15 7.901 6-Octenal, 3,7-dimethyl-, (R)- C10H150 0.12 154 Acyclic Monoterpenes

(aldehyde of citronellol)

16 8.261 2-Isopropenyl-5-methylhex-4-enal C10H160 0.07 152 Unsaturated aliphatic terpene

17 8.466 3-Cyclohexene-1-methanol,. alpha.,. alpha.4-trimethyl- C10H150 0.22 154 Cyclohexane Monoterpenes

18 8.536 p-Mentha-1,8-dien-9-ol C10H160 0.10 152 Aromatic

19 8.584 1,3,6-Heptatriene, 2,5,6-trimethyl- C10H160 0.08 152 Aliphatic Terpene

20 8.665 Decanal C10H200 1.54 156 Aliphatic aldehyde

21 8.748 Acetic acid, octyl ester C10H2002 0.22 172 Aliphatic acetate

22 8.885 2-Cyclohexen-1-ol, 2-methyl-5-(1-methylethenyl)-, trans- C10H160 0.26 152 limonene monoterpenoid

23 9.055 2-Cyclohexen-1-ol, 2-methyl-5-(1-methylethenyl)-, cis- C10H160 0.17 152 limonene monoterpenoid

24 9.186 2,6-Octadienal, 3,7-dimethyl-, (Z)- C10H160 0.09 152 Acyclic Monoterpenes

25 9.233 2-Cyclohexen-1-one, 2-methyl-5-(1-methylethenyl)-(Carvone) C10H140 0.32 150 Cyclohexane Monoterpenes

26 9.603 2,6-Octadienal, 3,7-dimethyl-, (E)-(Citral) C10H160 0.18 152 Acyclic Monoterpenes

27 10.111 2-Cyclohexen-1-ol, 1-methyl-4-(1-methylethenyl)-, trans- C10H160 0.18 152 p-menthane monoterpenoid

28 10.860 Bicyclo[2.2.1]heptane-2,5-diol, 1,7,7-trimethyl-, (2-endo,5-ex0)- C10H1802 0.15 152 Terpenoids

29 11.017 Copaene CisHza 0.23 170 Sesquiterpenes

30 11.104 2,6-Octadien-1-ol, 3,7-dimethyl-, acetate, (E)- C12H2402 0.38 204 Acetates

31 11.205 1H-Cyclopental[1,3]cyclopropa[1,2]benzene, octahydro-7- CisHza 0.48 200 Tricyclic sesquiterpene
methyl-3-methylene-4-(1-methylethyl)

32 11.442 Acetic acid, decyl ester C12H2402 0.27 204 Carboxylic ester

33 11.606 Caryophyllene CisHza 0.20 200 Polycyclic Sesquiterpenes

34 12.029 .alpha.-Caryophyllene CisHza 1.53 204 Monocyclic Sesquiterpenes

35 12.397 Germacrene D CisHza 0.20 204 Sesquiterpenes

36 13.004 Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1- CisHza 0.10 204 sesquiterpene
methylethyl)-, (1S-cis)-

37 13.447 3,7-Cyclodecadiene-1-methanol,. alpha.,. alpha.4,8-tetramethyl C15Hz260 0.29 204 Sesquiterpene

38 13.976 Spathulenol C15H240 0.05 222 Sesquiterpenes

39 14.082 Caryophyllene oxide C15H240 0.06 220 Polycyclic Sesquiterpenes

40 17.493 2(3H)-Naphthalenone, 4,4a,5,6,7,8-hexahydro-4,4a-dimethyl- C15sH220 0.32 220 Sesquiterpenoid
6-(1-methylethenyl)-

41 19.328 Eicosanoic acid C20H4002 0.31 218 Fatty Acids

42 21.079 11,14-Eicosadienoic acid, methyl ester C21H3802 0.14 312 Aliphatic Fatty Acids

43 21.129 Erucic acid C22H4202 0.10 322 Fatty Acids, Monounsaturated

44 21.170 Osthole C15H1603 0.09 338 Coumarins (Benzopyrans)

45 22.116 2H-1-Benzopyran-2-one, 7-methoxy-6-(3-methyl-2-oxobutyl)- ~ CisH1604 0.17 244 Aromatic

46 22.162 2H-1-Benzopyran-2-one, 4-methyl-3-propyl- C13H1402 0.36 260 Aromatic

47 22.523 2-Furancarboxaldehyde, 5-[(5-methyl-2-furanyl)methyl]- C11H1003 0.31 202 Aromatic aldehyde

48 23.399 Pentacosane C2sHs2 0.26 190 Hydrocarbons, Acyclic

49 25.282 2H-1-Benzopyran-2-one, 7-[(3,7-dimethyl-2,6-octadienyl)oxy]-, (E)- C19H2203 0.03 352 Coumarins

50 26.237 2,2-Dimethyl-3-[3-methyl-5-(phenylthio)pent-3-enyl]oxirane C16H220S 0.07 262 Aromatic

51 26.494 Oxirane, 3-[5-(4-azidophenoxy)-3-methyl-3-pentenyl]-2,2- Ci6H21N302 ~ 0.17 287 Aromatic
dimethyl-, (E)-.+/-.-

52 26.688 2,6,10,14,18-Pentamethyl-2,6,10,14,18-eicosapentaene C2sHaz 0.05 342 Aliphatic terpene

53 26.729 Tetracosanal C24Ha4s0 0.08 352 fatty aldehyde

54 27.141 1-Ethyladamantan-2-ol C12H200 0.03 352 Aliphatic Cyclic Hydrocarbons

55 28.458 Z-2-Octadecen-1-ol C18H360 0.05 352 Aliphatic alcohol

56 29.114 4'5,6,7,8-Pentamethoxyflavone C20H2007 0.06 372 Flavones

57 30.059 Gamma.-Sitosterol C29Hs500 0.14 414 Sitosterols

58 30.361 Androst-4-ene-3,17-dione, 12-[(trimethylsilyl)oxy]-, bis(O- C24H4N20  0.11 432 Steroid
methyloxime), (12. beta.)- 3Si

59 31.980 Friedelin C30Hs00 0.11 426 Pentacyclic Triterpenes

60 32.824 Pentacyclo[19.3.1.1(3,7).1(9,13).1(15,19)] octacosa- C44Hs604 0.06 648 Aromatic arenes

1,3,57,9,11,13,15,17,19
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Statistical analysis

All experiments were performed in triplicate, and the results were
shown as the mean#Standard Error of the Mean. GraphPad Prism
8.0.2 software (Boston, MA, USA) was used for statistical calculation.
The significance difference and difference at P-value<0.05 were
determined using Tukey’s multiple comparison test.

RESULTS AND DISCUSSION
Essential oil extraction

The oil was extracted from the dried peel of pomelo fruit using
Clevenger’s apparatus. The oil was pale yellow, highly aromatic and
the yield of the oil was calculated as 3%.

GC-MS sample preparation and analysis of pomelo oil

The chemical profile of pomelo oil fraction was analysed by GC-MS,
which showed the presence of following compounds. Description of
all the constituents present along with their RT time, chemical
formula, Molecular weight, Composition (area %) and chemical class
is given in table 2.

Analyses of GC-MS data exhibited four major chemical classes,
namely, Terpenes (52%), aromatic alkanes and arenes (11%),
aldehyde (8%) and Fatty acids and esters (7%). Rest of the
compounds constituting acetates coumarins, flavones, steroids and
sitosterol’s, alcohol and alkanes are 3% each and rest constituents
were placed as miscellaneous group which was about 5%.

The main constituents of Citrus maxima peel oil were found to be DL-
limonene (69.98%), Beta-Myrcene (6.23%), 2H-1-Benzopyran-2-one,
7-[(3,7-dimethyl-2,6-octadienyl) oxy] (2.78%), Silane, dimethyl
(1.88%), Bicyclo [3.1.0] hexane, 4-methylene-1-(1-methylethyl)
(1.84%), Decanal (1.54%), Octanal (1.37%), 7-Oxabicyclo [4.1.0]
heptane, 1-methyl-4-(1-methylethenyl) (0.85%), and Linalool (0.56%).

Citrus maxima peel essential oil has strong anti-inflammatory
qualities and is high in DL-limonene (69.98%) and B-myrcene
(6.23%). One important monoterpene, DL-limonene, has been
shown to reduce inflammation and oxidative stress by blocking pro-
inflammatory cytokines like TNF-a and IL-6[38]. Like non-steroidal
anti-inflammatory  medications, B-Myrcene also has anti-
inflammatory properties by reducing leukocyte migration and
altering COX-2 expression [39]. It has been demonstrated that minor
components like linalool (0.56%) inhibit NF-«kB activation, thereby
reducing inflammatory reactions [40]. Furthermore, because of their
capacity to regulate oxidative pathways and lipid peroxidation,
decanal (1.54%) and octanal (1.37%) have been linked to anti-
inflammatory effects [41]. According to these findings, Citrus
maxima peel oil may have therapeutic uses in treating inflammatory
diseases.

Percentage yield, encapsulation efficiency, and drug load

The yield percentage of Citrus maxima oil-loaded microspheres
varied with the formulation composition. The highest yield was
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observed in formulation F1 (79.28+0.42%), followed by F2
(73.66+0.35%), and the lowest in F3 (69.05+0.67%). The yield
reduction from F1 to F3 may be due to the rising polymer
concentration or differences in crosslinking efficiency that could
have led to higher material loss during washing or drying processes.
This is in line with earlier research where increased viscosity and
dense crosslinking prevented microsphere recovery [42, 43].

Drug loading efficiency also showed a strong reduction throughout
the formulations, and F1 presented the highest result
(84.28+0.36%), followed by F2 (73.66%0.22%) and F3
(68.05+0.22%). This reflects that the decreased polymer content in
F1 entrapment accommodated more Citrus maxima oil inside the
microspheres. With the increase in polymer concentration F2 and
F3, the encapsulation matrix may have become denser, thus
minimizing the diffusion and resulting into entrapment of the oil
into the core. Similar results have been described in encapsulation
studies of essential oils, in which matrix density was inversely
correlated with drug loading [44, 45].

The (EE) followed the same trend as drug loading, where F1 had the
highest EE (78.32+0.26%), followed by F2 (68.44+0.18%) and F3
(66.82+0.24%). The reduction in EE in F2 and F3 is possibly due to
the mismatch in the ratio of polymer to oil, which possibly resulted
in leakage of the oil partially during the emulsification and
crosslinking processes. Nguyen et al. (2024) emphasized the need to
tailor oil-to-polymer ratios for maximum EE in alginate-chitosan
encapsulation systems.

The observed decline in encapsulation efficiency and yield at higher
oil concentrations (F3) may be due to the saturation of the chitosan
polymer matrix. At lower oil concentrations (F1), the oil is
effectively encapsulated within the chitosan network, resulting in
higher efficiency. However, as oil concentration increases (F3), the
polymer may reach its maximum capacity to entrap the oil, leading
to surface deposition or leakage of excess oil during the
emulsification or curing stages. This phenomenon can also reduce
microsphere yield due to loss of oil or structural instability.
Furthermore, SEM images support this explanation by showing more
porous and irregular structures in F3 compared to F1, indicating
compromised encapsulation integrity at higher oil loads. Similar
saturation and leakage effects have been reported in oil-loaded
biopolymer systems [43, 44].

Particle size of the microspheres was raised from F1 (940.03 pm) to
F2 (988.04 pm) and F3 (1046.67 um). This is due to the increased
polymer concentration in subsequent formulations, which most
probably increased the viscosity of the dispersion medium, resulting
in larger droplets during emulsification. A direct correlation
between polymer concentration and microsphere size has been
amply documented in the literature [46]. Larger particle sizes in F3
may also affect the release profile of the encapsulated oil, promoting
a slower and more controlled release. All the encapsulation
parameters of Citrus maxima oil-loaded microspheres are
represented in table 3.

Table 3: Encapsulation parameters of Citrus maxima oil-loaded microspheres

Microsphere F1 F2 F3

Yield % 79.28% 0.42 73.66+0.35 69.05+0.67
Drug loading % 84.28+0.36 73.66+0.22 68.05+0.22
Encapsulation efficiency % 78.32+0.26 68.44+0.18 66.82x0. 24
Particle size (upm) 940.03 pm 988.04 um 1046.67pum

Data are means of three replicates (n = 3)+SEM

The results show that F1, having the lowest polymer content, yielded
microspheres of higher yield, drug loading, and encapsulation
efficiency, yet with a relatively smaller particle size. This implies that
F1 is the most effective formulation for encapsulating Citrus maxima
oil through the use of a chitosan polymer matrix.

Compared to the usual chitosan-alginate beads, which have a
tendency towards burst release and have rapid swelling behaviors,

the chitosan-alone microspheres studied here (specifically F1) had
higher structural integrity and sustained drug release profile [47].
Studies with alginate-chitosan matrices have shown that
encapsulation efficiencies are usually between 60% and 70% with
significant burst effects in acidic conditions due to Ca®** ion
exchange. The opposite was true with F1 microspheres, having a
higher encapsulation efficiency of 78.32% and lower initial burst,
presumably due to more compact crosslinking and better oil
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entrapment [48]. Such a feature renders the current formulation
more suitable for bioactive oils like those obtained from C. maxima,
which require controlled release mechanisms to realize maximum
therapeutic efficacy.

Encapsulation of the volatile oils, such as Citrus maxima in chitosan
microspheres presents potential uses in pharmaceuticals,
cosmetology, and foodstuffs, where stability and controlled release
are desired. In addition, the biocompatibility and biodegradation of
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chitosan render the system environmentally friendly and beneficial
for therapeutic purposes.

Swelling index

The swelling index of Citrus maxima oil microspheres entrapped in
chitosan were tested at pH 1.2, which mimics gastric conditions. The
average swelling indices (in %+SEM) of the three formulations (F1-
F3) are represented in fig. 1 below.

F1 F2 F3

Microspheres

Fig. 1: % swelling rate of Citrus maxima oil microspheres at pH 1.2 (mean+SEM, n=3)

Swelling property in chitosan microspheres is a key determinant of
their performance in gastro-retentive drug delivery systems.
Chitosan is protonated at its amine groups under acidic conditions
(pH 1.2), leading to higher electrostatic repulsion and water
absorption [49]. The same was observed in the present study,
wherein F1 recorded the maximum swelling index (900.2+50.5%),
possibly due to the ideal chitosan concentration and crosslinking
that favoured greater hydration and matrix expansion.

Formulation F2 closely trailed with a swelling index of
880.72+55.3%, whereas F3 showed dramatically reduced swelling
(850.9+53.4%), perhaps as a result of a more compact matrix or
enhanced hydrophobic oil content, both of which can restrict water
intrusion and network relaxation [50]. These findings are in line
with previous research that showed decreased swelling in
formulations with increased oil-to-polymer ratios and denser
crosslinking networks [51].

Swelling capacity also depends on drug release kinetics. Exaggerated
swelling tends to increase more rapid diffusion of the trapped
compound because of the more porous and water-swollen matrix
[52]. Still, over-swelling can degrade mechanical stability, indicating
the importance of a well-balanced strategy for formulation. Chen et
al. has reported that moderate swelling is beneficial as it increases
mucoadhesion and extends gastric residence time and makes such a
system suitable for targeting the stomach [53]. Overall, the results
support the hypothesis that controlled manipulation of chitosan
concentration, crosslinking, and oil loading directly influences the
swelling behaviour and, consequently, the drug release
characteristics of Citrus maxima oil-loaded microspheres.

Drug excipient interaction study
Infrared spectroscopy

FTIR (Fourier Transform Infrared Spectroscopy) was employed to
analyze the functional groups of pure Citrus maxima (pomelo) peel
oil and the microsphere preparation. FTIR spectra serve to validate
encapsulation by showing possible chemical interactions between
the polymer (chitosan) and the oil.

FTIR spectrum of pomelo peel oil (fig. 2a)

3751.6 cm™ and 3357.5 cm™ - Broad bands showing O-H
stretching vibrations, characteristic of alcohols and phenolic
compounds found in essential oils [44].

2920.5 cm™ - C-H asymmetric stretching of aliphatic ~CH, groups,
characteristic of long-chain hydrocarbons and terpenoids.

1632 cm™, 1597.3 cm™® - Characteristic of C=C stretching in
aromatic compounds and alkenes.

1373.5 cm™ and 1154.2 cm™ - C-H bending along with the C-0
stretching vibrations, characteristic of esters or ethers.

794.1 cm™* and 886 cm™ - Aromatic or aliphatic C-H bond out-of-
plane bending vibrations.

These peaks attest to the occurrence of important bioactive
constituents such as limonene, a-pinene, and citral, widely
documented in citrus essential oils [34].

FTIR spectrum of microsphere containing pomelo oil (fig. 2b)

2923.3 cm™, 2964.1 cm™ - C-H stretching vibrations of remaining
aliphatic chains of the oil within the microsphere.

1744.6 cm™ and 1644.8 cm™ - Carbonyl (C=0) and amide I regions,
indicative of interaction with chitosan polymer [44].

1435.6 cm™, 1277.8 cm™%, 1155.0 cm™ - Indicative of C-N and C-0
stretching in oil esters and chitosan.

1119.5 cm™, 856.6 cm™ - Ether and aromatic ring bending
vibrations, indicative of the fact that important functional groups of
the oil are maintained after encapsulation.

The appearance of additional peaks in the range 528-406 cm™* may
suggest potential physicochemical interactions between Citrus
maxima oil and the chitosan polymer. However, this interpretation is
preliminary, as FTIR alone cannot conclusively confirm hydrogen
bonding or specific interactions.

302



100
100

9%

95

a7

94

93

V.P.etal.

Int ] App Pharm, Vol 18, Issue 2, 2026, 297-312

9 T T T

4000 3500 3000 2500
102y
100

a0

WL

%T

2203 em-1

30

20

2000 1500 1000 500 400

18 T T T
4000 3500 3000 2500

2000 1500 1000 500 400

Fig. 2: FTIR spectra of (a) Citrus maxima oil and (b) Citrus maxima oil-loaded chitosan microspheres. Prominent absorption peaks include
0-H stretching (~3421 cm™*), C-H stretching (~2923 cm™), C=0 stretching (~1637 cm™*), and C-N bending (~1380-1020 cm™%),
confirming successful encapsulation without major structural alteration

The occurrence of characteristic peaks of chitosan and pomelo oil in
the microsphere FTIR spectrum, and peak shifts or broadening,
indicates successful encapsulation and possible molecular
interactions. These are due to van der Waals’ interactions or
hydrogen bonding between the oil and chitosan [54].

This is reaffirmed by current research that shows that the
encapsulation of essential oils in natural polymers results in
functional group retention and better stability of volatile compounds
[47]. The load of bioactive oils in polymeric carriers such as chitosan
also increases sustained release, bioavailability, anti-inflammatory
and antimicrobial activity [48]. FTIR studies prove that the principal
functional groups of pomelo peel oil are maintained after
encapsulation. The changes in the position of peaks and new peak
formations in the spectrum of microspheres show evidence of
interactions between the chitosan matrix and the oil, substantiating
the efficacy of encapsulation. Results align with those found in the

literature and highlight the applicability of chitosan-based
microspheres in the regulated release of citrus essential oils.

TGA and DTA analysis

The thermal performance of Citrus maxima oil-loaded chitosan
microspheres was evaluated using Thermogravimetric Analysis
(TGA) and Differential Thermal Analysis (DTA), as shown in fig. 3.
These studies are important in determining the thermal stability,
content, and physical interactions of the bioactive oil with the
polymer matrix.

The TGA curve showed a multistep degradation profile. The first
weight loss at 100-150°C is attributed to the evaporation of
moisture and loosely adsorbed water from the chitosan matrix,
which is characteristic of hydrophilic biopolymers like chitosan [55].
This dehydration is also evidenced by a weak endothermic peak in
the DTA curve at the same temperature range.
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Fig. 3: Thermogravimetric analysis and differential thermal analysis of F1 microsphere

The most significant weight loss took place between 200 °C and 350 provided by the chitosan matrix validates it as a suitable carrier system
°C, indicating decomposition of the polymer backbone of the for essential oils in controlled drug delivery [58].

chitosan as well as partial volatilization or degradation of
components of Citrus maxima oil. Thermolabile essential oil
components like limonene, B-pinene, and citral will degrade or
evaporate during this range of temperatures [56]. This indicates that
the oil was successfully encapsulated and remained intact inside the
polymer matrix until 200 °C.

X-RD studies

X-ray diffraction (XRD) is an important analytical method for
determining the crystalline or amorphous character of material. The
XRD pattern of the Citrus maxima oil-loaded chitosan microspheres
is illustrated in fig. 4, with a broad and diffused pattern of

Also, the continuous decomposition above 400 °C can be attributed diffraction, showing that the formulation has a predominantly
to the oxidation of charred polymer residues and complete amorphous character.

degradation of the encapsulated material. Notably, the absence of
sharp exothermic peaks above 400 °C in the DTA curve suggests
amorphous dispersion of the oil in the polymer matrix, which can
increase solubility and facilitate bioavailability [57].

The diffractogram exhibits a significant diffraction peak at 28 = 20°,
with some low-intensity humps between 26 of 20° and 40°, further
indicating the lack of sharp crystalline peaks. This is unlike the pure
drug or crystalline material, which normally exhibits sharp and

These results confirm that the F1 microspheres (best formulation) have intense peaks at precise angles, indicating a highly ordered lattice
good thermal stability, which makes them compatible with oral and structure [59]. The wide peaks are typical of chitosan-based
topical drug formulations where the processing temperatures could be polymeric matrices, which are amorphous in nature because they
moderate heating. In addition, the thermal protection of volatile actives are semi-crystalline and have irregular polymer chains [60].
1200 -C. maxima loaded microsphere
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Fig. 4: Comparative XRD patterns of pure chitosan and Citrus maxima oil-loaded microsphere formulation. Peaks at 20 = 9.63° and 20.53°
were retained in both, indicating that the semi-crystalline structure of chitosan was partially disrupted but not completely converted to
an amorphous form. The XRD pattern of the Citrus maxima oil-loaded microspheres exhibited broadened and less intense peaks at 20 =
9.63°and 20.53°, corresponding to the characteristic reflections of semi-crystalline chitosan. This suggests a reduction in crystallinity of

the polymer matrix upon incorporation of the oil, rather than complete amorphization. The absence of crystalline peaks for the Citrus
maxima oil indicates its molecular dispersion within the chitosan matrix, which is beneficial for enhancing the solubility and
bioavailability of hydrophobic activities [43]

Furthermore, the lack of any new diffraction peaks in the encapsulation mechanism, in agreement with FTIR and DSC results,
formulation suggests that no crystalline complexes were formed which showed no evidence of chemical interaction or structural
between the oil and polymer. This supports the physical alteration at the molecular level [43].
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Morphology of microspheres

Surface topography and microstructure of Citrus maxima oil-loaded
chitosan microspheres F1, F2, and F3 were analysed by Scanning
Electron Microscopy (SEM), demonstrating appreciable formulation-
dependent differences.

The F1 microspheres (fig. 5A, 5B) were smooth, spherical in shape,
750 pm to 950 pm in size, with intact surfaces, showing evidence of
effective ionic gelation and best chitosan concentration. The lack of
surface cracks and porosity indicates strong matrix integrity, which
is important for controlling the release profile and resisting
environmental degradation in the encapsulated oil. Such
morphology has previously been observed with well-optimized
chitosan microspheres encapsulating bioactive, where the polymeric
coating presents a sustained release and enhanced stability [61].

F2 microspheres (fig. 5C, 5D) had average sphericity with small
surface irregularities, 800 pm to 1000 pm in size, and minor
indentations. These may be attributed to partial polymer shrinkage
or asymmetrical crosslinking during gelation, possibly
compromising drug encapsulation efficiency and release
characteristics. Though the formulation was overall stable, surface
imperfections indicate a critical balance between oil and polymer
that could result in fluctuating release kinetics [53].

NEHU-SHL
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F3 microspheres (fig. 5E, 5F), respectively, exhibited tremendous
morphological distortion. The microspheres were found collapsed
and wrinkled with observable pores and cracks, 900 pm to 1100 pm
in size, indicative of poor structural stability owing to a lack of
sufficient polymer content. Such a morphology suggests inferior
encapsulation and mechanical strength, which is prone to cause
premature release or breakdown of the oil. These faults were in line
with observations in unstably stabilized polymeric formulations,
wherein low polymer-to-drug ratios cannot maintain microsphere
integrity upon drying or storage [62].

According to the present findings, research has established that
microsphere morphology, encapsulation efficiency, and release
behaviour are all directly affected by polymer concentration.
Increased polymer content generally results in more compact and
well-defined microspheres, while inadequate polymer levels result
in porous, broken structures that are unstable [63]. Moreover, the
spherical morphology observed in F1 is also important for
biomedical applications due to its ability to provide uniform
distribution and reproducibility in therapeutic delivery systems
[64].

Thus, of the three formulations, F1 is the strongest contender for
further refinement with better morphology and potentially better
performance in sustained release and maintenance of bioactivity.

NEHU-SHL

NEHU-SHL

Fig. 5: SEM images of Citrus maxima loaded formulation. A: F1 formulation at 19x B: F1 formulation at 55x C: F2 formulation at 22x D: F2
formulation at 80 x E: F3 formulation at 22x F: F3 formulation at 60 x
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Invitro drug release studies
Solubility and sink condition validation

The solubility of C. maxima oil in 0.1N HCI with 0.5% Tween 80 at
37°C was found to be 4.840.2 mg/ml. Considering that the total
amount of oil present in the microspheres was approximately 15 mg
and that only ~72% (x10.8 mg) was released over 8 h, the solubility
of the oil in 900 ml medium (which allows up to ~4320 mg in total
volume) confirms that the dissolution medium maintained sink
conditions throughout the study.

The drug release profiles in vitro of Citrus maxima oil-loaded
chitosan microspheres (F1, F2, and F3) were evaluated for 8 h, and
the outcomes are presented in fig. no 6. The release behavior varied
significantly among the three formulations, indicating the influence
of polymer concentration, cross-linking density, and microsphere
morphology on drug release kinetics. The graph is drawn using
GraphPad Prism 8.0.2 software (Boston, MA, USA)

Formulation F1 exhibited the highest cumulative drug release,
reaching 72.03% at 8 h. An initial burst release of 49.01% was
observed at 60 min, followed by a sustained release pattern. This
biphasic release profile can be attributed to the surface-associated
drug contributing to the initial burst, while the polymeric matrix
controls the subsequent release. The high drug release of F1 is likely
due to its relatively porous surface morphology and lower polymer
density, as observed in SEM analysis. Similar biphasic release
behaviour has been reported in chitosan-based microspheres
incorporating essential oils and hydrophobic drugs [65].
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Formulation F2 showed a moderate release profile, with 63.19% of
the drug released over 8 h. The release at 60 min was 39.78%,
indicating a comparatively reduced burst release compared to F1.
The SEM images of F2 revealed more compact and moderately
spherical particles, which likely contributed to slower diffusion of
the drug. These findings suggest that medium polymer
concentration provides a balance between encapsulation efficiency
and controlled drug release. Comparable trends were reported by
Chen et al. [66], where microspheres with optimized chitosan levels
demonstrated improved sustained-release characteristics.

Formulation F3 demonstrated the lowest drug release, with only
56.62% released over 8 h and a markedly slower release rate during
the initial phase (34.30% at 60 min). This may be attributed to the
deformed and partially collapsed surface morphology observed in
SEM, indicating inefficient encapsulation and poor matrix integrity.
The dense and less porous surface structure likely acted as a barrier to
drug diffusion, thereby reducing the release rate. These observations
align with findings who highlighted the significance of surface
morphology in regulating release dynamics in microspheres [64].

The overall trend in drug release was F1>F2>F3, confirming that
formulation parameters, particularly polymer concentration and
morphology, significantly affect the release characteristics. High
polymer concentrations, as seen in F3, may hinder drug diffusion
due to increased matrix density, whereas lower concentrations, as in
F1, favour faster and higher release due to more porous structures.
These findings are consistent with earlier reports on chitosan-based
delivery systems [67].

Drug Release in vitre (Cumulative Percentage Drug Release)
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Fig. 6: Drug release profiles in vitro of Citrus maxima oil-loaded chitosan microspheres (F1, F2, and F3) (mean+SD, n=3)

Release Kinetic study
F1 batch

The release data of Citrus maxima oil-loaded chitosan microspheres
(Batch F1) was fitted to various kinetic models, including Zero-
order, First-order, Higuchi, and Korsmeyer-Peppas models, in order
to ascertain the in vitro release pattern. Using the correlation
coefficient values (R2) obtained from linear regression analysis, the
quality of fit was examined.

The Zero-order model (fig. no 7A) recorded an R? value of 0.9032,
revealing a moderate relationship. Zero-order kinetics would entail
a constant release rate of drug, regardless of drug concentration. The
release pattern, however, was not purely ideal zero-order behavior,
as could be attributed to the porosity of the chitosan polymer matrix
and the hydrophobic character of Citrus maxima oil, which could
have affected the release pattern [67].

The First-order kinetic model (fig. 7B) produced a lower R? value of
0.8761, indicating that drug release was not mainly concentration-
dependent. This type of behavior is commonly found in polymeric
systems where the release is not only dependent on drug
concentration gradients but also on matrix erosion, swelling, and
diffusion processes [68].

The Higuchi model (fig. 7C) showed the greatest correlation with an
R? value of 0.9859, indicating that the release mechanism is largely a
diffusion-controlled process. Based on Higuchi theory, drug release
from a planar matrix is proportional to the square root of time,
which is typical of Fickian diffusion. This finding is in line with
accounts showing that chitosan-based carriers release bioactives
according to a diffusion-dominated mechanism [65].

The Korsmeyer-Peppas model (fig. 7D) also showed an excellent fit with
an R? value of 0.9629. The model is very helpful in release mechanism
analysis when the precise nature of diffusion is not known or when more
than one process happens simultaneously. While the determined slope
(n-value) in this case was exceptionally high (because the plot used was
log-log), past research on chitosan microspheres indicated that the
release process tends to be in the range of non-Fickian (anomalous)
diffusion [69]. This indicates that both diffusion and relaxation of the
polymer played arole in the resultant release behavior.

The Korsmeyer-Peppas model was used to determine the
mechanism of drug release. The release exponent value ("n") for
best-fit batch (F1) was 0.45, showing Fickian diffusion as the
dominant mechanism of drug release. For F2 and F3, the "n" values
were 0.61 and 0.72, respectively, showing anomalous (non-Fickian)

transport, where diffusion and polymer relaxation/swelling occur
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simultaneously. These findings suggest that the release mechanism
changes from diffusion-controlled in low oil-loaded systems (F1) to
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a mixed mechanism in high oil-loaded systems (F2 and F3) due to
matrix structure and swelling characteristics.
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Fig. 7: Release Kinetics for the F1 batch A: Zero order kinetics B: First order kinetics C: Higuchi model D: Korsmeyer-peppas kinetics

The release kinetics for the F1 batch, according to the R? values,
were in the order:

Higuchi>Korsmeyer-Peppas>Zero-order>First-order.

These results support that Citrus maxima oil-loaded microspheres
release the drug mainly via a diffusion-controlled mechanism
characteristic of hydrophilic polymer matrices such as chitosan. The
high linearity of the Higuchi model suggests the promise of these
microspheres as an efficient platform for controlled-release drug
delivery systems.

Current research has pointed to the use of natural polymers like
chitosan in attaining controlled release of hydrophobic drugs. The
present study's results concur with such reports, pointing to
chitosan's capacity to establish a stable porous network that
adequately controls drug diffusion over a prolonged duration [70,
71].

Hence, the best batch (F1) possesses superior traits for long-term
drug release usage with potential applications towards enhancing
bioavailability and compliance for hydrophobic bioactive materials.

In vitro anti-inflammatory activity
In vitro membrane stabilization assay

The in vitro membrane stabilization assay compared the anti-
inflammatory activity of Citrus maxima oil microspheres with
Diclofenac sodium. As indicated in fig. no 8, both samples had
concentration-dependent haemolysis inhibition. Citrus maxima had
robust membrane stabilization, with almost 100% inhibition at

higher concentrations (log [concentration] ~2.6 pg/ml), marginally
lower than Diclofenac.

Membrane stabilization demonstrates anti-inflammatory action by
inhibiting lysosomal enzyme release [72-74]. The efficacy of Citrus
maxima may be due to bioactive compounds such as flavonoids and
limonoids, with reported anti-inflammatory action [14]. Use of
Chitosan microspheres would have increased bioavailability and
sustained release, enhancing efficacy [75, 76].

Even though diclofenac presented with slightly more inhibition,
Citrus maxima had potential natural anti-inflammatory activity
deserving further investigation in vivo.

In vitro protein denaturation assay

The in vitro protein denaturation test was conducted to determine
the anti-inflammatory effect of Citrus maxima microspheres and
Diclofenac sodium. As illustrated in fig. 9, both samples
suppressed heat-albumin denaturation in a dose-dependent
manner. Citrus maxima had slightly greater inhibition over the
range of concentrations compared to Diclofenac sodium, with over
90% inhibition at higher concentrations (log [concentration] ~2.6

ug/ml).

Protein denaturation is a central mechanism of inflammation, and
compounds that inhibit this process are effective anti-inflammatory
prospects [77]. The significant inhibition by Citrus maxima can be
due to its high flavonoid and terpenoid content, which is known to
stabilize protein structures and suppress inflammatory reactions
[77,78].
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Fig. 8: In vitro membrane stabilization assay of Citrus maxima oil microspheres with Diclofenac sodium
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Fig. 9: In vitro protein denaturation test of Citrus maxima microspheres and diclofenac sodium

Comparable results have also been documented where plant In vivo anti-inflammatory activity
extracts and essential oils have proven to have excellent protein
stabilization activities, suggesting their therapeutic application [79,
80]. Further, encapsulation in chitosan microspheres may have
improved the bioavailability and stability of the active ingredients,
leading to the demonstrated efficacy [81].

Anti-inflammatory effect of microspheres prepared from Citrus
maxima oil was tested using the carrageenan-induced paw edema rat
model, and findings are represented in fig. 10. Carrageenan
administration orally led to increased paw volume significantly,
creating the successful induction of acute inflammation. Oral

Generally, Citrus maxima microspheres exhibited excellent anti- treatment with pomelo oil microspheres in doses of 200 and 400
inflammatory effects by protein denaturation inhibition, comparable mg/kg led to significant paw edema reduction in comparison with
and even better than the control Diclofenac sodium, validating its carrageenan control. Statistical analysis was conducted using one-way
efficacy as a natural anti-inflammatory drug. Future investigations ANOVA followed by Tukey’s multiple comparison test. Although a
are recommended to include dexamethasone or similar dose-dependent reduction in paw volume was observed, the results

were not statistically significant among the treated groups ([F(4,29) =
0.8813], P>0.05), suggesting a trend rather than a definitive dose-
response relationship. Importantly, none of the doses produced an
increase in paw volume, affirming the safety of the test formulation

glucocorticoid agents to provide a broader comparative framework
for evaluating anti-inflammatory efficacy across different
pharmacological classes.

Acute oral toxicity and indicating its anti-inflammatory potential. The finding aligns with
the previous study that there was no increase in paw volume above
Acute oral toxicity of Citrus maxima (pomelo) oil microspheres was any dose of the test compound, which is the proof of the safety of the
assessed in rats. None of the treatment groups showed observable test product but also indicates its anti-inflammatory activity. The
signs of toxicity, behavioral disturbances, or deaths, even at the limit results obtained are consistent with earlier research that has
dose level of 2000 mg/kg body weight. From these findings, LDso documented the anti-inflammatory properties of citrus essential oils
value was deduced to be higher than 2000 mg/kg bw, implying that and their nanoformulations. This activity may be ascribed to the
the product is safe and classified as belonging to the "low toxicity" existence of bioactive monoterpenes and the enhanced bioavailability
category based on OECD 423 guidelines. (OECD. (2022)) [82]. achieved through encapsulation in chitosan-based carriers [83].
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The anti-inflammatory activity of Citrus maxima oil and its
microsphere formulation was assessed using the carrageenan-induced
paw edema model in rats, with the results represented in fig. 11. At the
5th hour post-carrageenan injection, the microsphere formulation
exhibited a marked inhibition of paw edema in a dose-dependent
manner. The formulation at 400 mg/kg produced a maximum
inhibition of 88.24%, closely approaching that of the standard drug
indomethacin (94.12%). Even at 200 mg/kg the microsphere
formulation demonstrated significant inhibition (82.35%). In contrast,
plain pomelo oil showed comparatively lower inhibitory effects, with
58.82% inhibition at 200 mg/kg and 64.71% at 400 mg/kg.

These findings clearly demonstrate the superior anti-inflammatory
potential of the microsphere-encapsulated pomelo oil compared to
the unformulated oil. The enhanced efficacy may be attributed to
improved bioavailability and sustained release characteristics
conferred by the chitosan-based polymeric system. This observation

is supported by earlier reports highlighting the benefits of nano-or
microparticulate encapsulation in enhancing the therapeutic
performance of bioactive oils through controlled release and
targeted delivery [84]. The proposed anti-inflammatory mechanism
of action may involve inhibition of key inflammatory mediators,
including prostaglandins and cytokines, consistent with previous
studies on essential oils [85]. Moreover, the significant reduction in
paw edema observed as early as the first hour suggests suppression
of the early phase of inflammation, which is primarily mediated by
histamine and serotonin release [86].

However, statistical analysis using one-way ANOVA followed by
Tukey’s multiple comparison test revealed no statistically significant
difference among the treatment groups ([F(4,24) = 0.4161], P>0.05).
Despite the absence of statistical significance, the observed
biological trend supports the potential anti-inflammatory benefits of
the microsphere formulation.
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Fig. 11: % inhibition of paw oedema in rats (mean=SD, n = 6) for extracted oil and oil-loaded microsphere

Overall, the microsphere formulation exhibited potent and sustained
anti-inflammatory effects, highlighting its potential as an effective
therapeutic approach for inflammatory conditions. To gain a more
comprehensive understanding of its anti-inflammatory potential,
future studies can beincorporate chronic models, such as the
Complete Freund’s Adjuvant (CFA)-induced arthritis model, which
better mimics the pathophysiology of chronic inflammation and can
provide more robust evidence for long-term therapeutic claims.

CONCLUSION

The investigation for the anti-inflammatory effects of C. maxima oil
microspheres has shown potential outcomes, indicating that they
can be considered as efficient therapeutic targets. The formation of
C. maxima oil-loaded chitosan microspheres yielded a controlled and
diffusion-controlled release profile, ascertained by kinetic studies
consistent with the Korsmeyer Peppas and the Higuchi models.
Encapsulation greatly increased the bioavailability and prolonged
release of the Citrus maxima oil, and this helped to enhance the anti-
inflammatory effects witnessed in vitro via membrane stabilization
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and protein denaturation assays. In vivo evaluations in the
carrageenan-induced paw edema model further corroborated the
efficacy of the anti-inflammatory activity of the microspheres,
producing dose-dependent diminution of inflammation -closely
comparable with the activity of reference drugs like indomethacin.
The occurrence of primary bioactive moieties like limonene and
beta-myrcene was significantly responsible for the resultant
therapeutic efficacy. Acute oral toxicity assays also ascertained the
tolerance of the preparation at high dose levels, suggesting its safety
for use. These results are in agreement with recent research
highlighting the advantages of natural polymer-based drug delivery
systems. Overall, Citrus maxima microspheres provide a promising
system for new therapeutic strategies towards treating
inflammatory conditions serve further investigation in clinical
contexts.
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