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ll-laden hydrogel microcapsules of
alginate and chitin fibrils using divalent and
trivalent metal ions

Thakur Sapkota,ab Sita Shrestha,b Bishnu P. Regmi c and Narayan Bhattarai *ab

Nanofiber-embedded 3D hydrogel constructs have garnered significant attention due to their versatile

applications in drug delivery, cell therapy, tissue engineering, and regenerative medicine. These

constructs are especially prized for their capacity to mimic the composition of the extracellular matrix

(ECM) found in living tissues and organs. The unique chemical and mechanical properties of hydrogel

microcapsules have made them particularly notable among various biomaterial constructs for their

effectiveness in cell encapsulation, which aims to improve cell growth and proliferation. In this study, we

developed alginate hydrogel microcapsules embedded with chitin nanofibrils, using divalent calcium ions

and trivalent iron ions as crosslinking agents. An electrostatic encapsulation technique was utilized to

create microcapsules with diameters ranging from 200–500 mm, and their physicochemical properties,

rheological properties, size, and mechanical stability were evaluated. The rheological analysis

demonstrated that the Fe3+ crosslinked hydrogel (AF0) and Fe3+/Ca2+ cross-linked hydrogel (AFC) have

higher storage modulus than the Ca2+ crosslinked hydrogel (AC0). Additionally, FTIR analyses of AF0 and

AFC demonstrated a broader –O–H stretching peak compared to that of AC0, suggesting that more

hydroxyl groups of alginate chains are involved in crosslinking with ferric ions exhibiting extended

mechanical stability compared to those crosslinked with calcium ions under in vitro physiological

conditions. We also investigated the cellular responses to the composite hydrogels crosslinked with

these divalent and trivalent metal ions through in vitro studies involving the seeding and encapsulation of

NIH/3T3 fibroblast cells. Remarkably, both types of crosslinked microcapsules maintained excellent cell

viability for up to 5 days. Our in vitro scratch assay demonstrated that media extracted from AF0

microcapsules facilitated faster wound closure compared to that extracted from AC0, suggesting that

hydrogels crosslinked with Fe3+ ions promote enhanced cellular proliferation. These results suggest that

calcium and ferric ion crosslinked alginate–chitin composite microcapsules provide a promising platform

for developing 3D hydrogel constructs suitable for various biomedical applications, including wound

healing models, tissue engineering, and drug toxicity testing.
Introduction

Tissue engineering, regenerative medicine, and drug delivery
paradigms have been revolutionized by the introduction of
biopolymer-derived architectures, such as hydrogels, micro-
and nanobrils, micro- and nanoparticles, lms, and porous
scaffolds. These engineered structures play a vital role in vivo
due to their ability to restore the native extracellular matrix
(ECM), provide controlled microenvironments, and protect cells
from external factors, such as shear stress from the surrounding
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icultural and Mechanical University,
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medium and the host immune system.1,2 Cell encapsulation in
hydrogel-based structures provides an optimal environment for
cell survival and maintains maximum cellular functions due to
the ability of hydrogels to facilitate the exchange of metabolites,
nutrients, and oxygen. Among these structures, ber-integrated
composite hydrogel microcapsules and microbeads are partic-
ularly effective in cell encapsulations and therapies as well as in
tissue engineering applications due to their soness, porosity,
brous construct, and cell attachment moieties, which facilitate
cell growth, proliferation, and differentiation.3,4

Various biopolymers have been utilized for construction of
appropriate hydrogel microcapsules and microbeads. The
biopolymers utilized to construct hydrogel structures are clas-
sied as synthetic, such as polyethylene glycol (PEG), poly-
caprolactone (PCL),5 poly(vinyl alcohol) (PVA), 2-hydroxyethyl
methacrylate (HEMA),6 and polyglycerol sebacate-co-poly-
ethylene glycol (PGS-co-PEG),7 and natural polymers, such as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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alginate, chitin, gelatin, hyaluronic acid, and collagen.8,9

Synthetic polymers are valued for their tunable physiochemical
properties, higher mechanical stability, and slow degradation
under physiological conditions, making them suitable for
various biomedical applications.10,11

Synthetic polymer constructs face challenges in cell culture
and tissue engineering applications due to a lack of cell binding
moieties, potential autoimmune rejection, and requiring
complex chemical reaction while modifying their physical and
chemical properties.12,13 Compared to synthetic polymers,
natural biopolymers possess unique features, such as non-
immunogenicity, biocompatibility, and biodegradability14,15

and hence they have been widely used in biomedical applica-
tions. Alginate, a natural heteropolysaccharide composed of b-
D-mannuronic acid (M) and a-L-guluronic acid (G) linked
through glycosidic bonds,16 is extensively used for the encap-
sulation of cells and biomolecules because of its proven
biocompatibility, cost-effectiveness, ease of gelation under
physiological conditions in the presence of divalent and triva-
lent cations,17,18 and convenience in sterilization and storage.
Rapid gelation ability of alginate is crucial for fabricating
microspheres that facilitate cell immobilization and protection,
making it suitable for cell transplantation and wound healing
applications. However, limited mechanical stability, subpar cell
adhesion properties,19 and susceptibility to dissolution from
ion exchange with monovalent ions as well as lacking in vivo
natural degradation restrict its wider use, particularly in cell
therapy and tissue engineering. To overcome these limitations,
blending alginate with natural and synthetic polymers, incor-
porating cell adhesion oligopeptides, such as arginine–glycine–
aspartate (RGD),20 and partial oxidation21 practices have been
considered.

One of the natural polymers that has been widely used in
biomaterials is chitin polymer, a cationic polysaccharide, due to
its proven biological and mechanical properties. In alginate–
chitin composite hydrogels, chitin brils act as llers in the
hydrogel's void spaces, providing excellent reinforcement to
enhance the mechanical strength of alginate hydrogels.22 The
brous structure of chitin, like glucosamine glycan of tissue
ECM, serves as an essential binding site for cell integrin,
thereby facilitating cell attachment. The gelation of alginate–
chitin composites is essential for constructing stable hydrogel
structures.23 Various gelation methods, including ionotropic
gelation, pH-induced gelation, temperature-induced gelation,
and covalent crosslinking, have been utilized.24–26 Among these
methods, ionotropic crosslinking is preferred for cell-
encapsulated hydrogels due to its fast gelation process, conve-
nience, and ease of tuning porosity and mechanical strength.27

Ionotropic crosslinking involves the interaction between the
negatively charged carboxylate groups, especially in the G-block
of alginate, and divalent or trivalent metal ions, such as Ca2+,
Sr2+, Ba2+, Cu2+, Zn2+, Mn2+, Fe2+, Cr3+, and Fe3+.28 Calcium
chloride is one of the most widely used gelling agents due to
fast-crosslinking ability of Ca2+ with alginate. However, its
application is limited by degelation under physiological
conditions due to exchange of calcium ion with monovalent
ions in surrounding media and the formation of heterogeneous
© 2025 The Author(s). Published by the Royal Society of Chemistry
gel crosslinks.29 These processes result in weak mechanical
stability, faster dissolution under physiological conditions, and
heterogeneous porosity, which are suboptimal for long-term
cell storage, growth, and proliferation in tissue engineering
applications. The gelation and crosslinking of alginate using
trivalent transition metal ions during the fabrication process
can overcome the limitations of hydrogels constructed from
divalent metal ions like calcium. Transition metals form strong
coordinate covalent bonds by overlapping their partially lled
d orbitals with the negatively charged carboxylate groups of
alginates. The introduction of ferric ions as a gelling agent
promotes the formation of such a coordinate covalent bond
between iron and alginate, resulting in stronger and more
stable hydrogels under physiological conditions.30,31 To the best
our knowledge, no previous studies have characterized and
evaluated the biomedical properties of iron(III) cross-linked
alginate–brillar chitin hydrogels and microcapsules.

In this study, we synthesized a composite hydrogel by
blending alginate with chitin nanobrils and crosslinking it
using CaCl2, FeCl3, or a combination of both. Initially, we
analyzed the rheological properties of the composite hydrogels.
Next, we used electrospray techniques to create 3D microcap-
sules from the composite hydrogels. We then investigated the
effects of these two different gelling ions on the mechanical
strength and stability in vitro physiological conditions of these
hydrogel constructs. The composite hydrogel microcapsules
were utilized to encapsulate NIH3/T3 broblast cells, serving as
a model to assess cell viability, growth, and metabolic activity of
those encapsulated cells. While alginate-based microcapsules
are well-established in tissue engineering, the incorporation of
chitin brils and the use of trivalent ions present a unique
advancement in the design of hydrogel scaffolds. This trivalent
metal-ion (Fe3+) crosslinking approach enhances the mechan-
ical strength and structural stability of the microcapsules, while
also providing an innovative platform for controlled drug
release and cellular interactions. The use of chitin nanobrils
enhances mechanical strength and dimensional stability while
also facilitating cell adhesion. Therefore, this study offers
a versatile approach to the design of tailored microcapsules
with potential applications ranging from tissue engineering to
regenerative medicine.

Results and discussion
Characterization of hydrogel

A hydrogel is a somaterial composed of a cross-linked network
of hydrophilic polymer chains capable of absorbing and
retaining water at levels up to hundreds or thousands of times
their dry weight while maintaining structural integrity. This
distinctive property enables a wide range of applications in drug
delivery and tissue engineering. Characterizing physical,
chemical, and mechanical properties of hydrogels is essential
for assessing their suitability for biomedical uses. Thus, prop-
erties, such as viscoelasticity, surface morphology, and
responses under physiological conditions were evaluated
through rheological studies, SEM/EDX analysis, and mechan-
ical stability tests.
RSC Adv., 2025, 15, 12876–12895 | 12877
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Fig. 1 illustrates the fabrication process of alginate/chitin
(60 : 40) hydrogel discs and microcapsules containing encap-
sulated cells. Electrospray technique was employed, using
a ow rate of 3 mL h−1, a voltage of 8 kV, and a nozzle-to-gelling
bath distance of 40 mm.

Rheology of hydrogels. Hydrogels are considered non-
Newtonian uids with shear-thinning behavior.32 As the shear
rate increases, the viscosity of shear-thinning materials
decreases,33 while the viscosity of Newtonian uids remains
constant. This characteristic is crucial in fabrication of drug
delivery microcapsules, 3D printing, and tissue engineering.34,35

Strain sweep tests, also known as amplitude sweeps, are
commonly employed in rheological characterization of hydro-
gels. These tests involve applying progressively increasing
oscillatory strain at a constant frequency. The resulting data,
expressed as storage modulus (G0) and loss modulus (G00) as
a function of strain, help identify the material's linear visco-
elastic region (LVR), where the hydrogel exhibits stable
mechanical behavior.

Fig. 2A illustrates the LVR of the hydrogels, characterized by
a plateau at low shear strain, indicating that the storage moduli
are unaffected by increasing shear strain. Fig. 2B and E display
the average storage modulus and loss modulus of all three
samples at LVR. All gel samples demonstrate a higher storage
modulus than their respective loss modulus indicating they
Fig. 1 Schematic illustration of the production of alginate/chitin discs an
metal ions in gelling process along with their optical images.

12878 | RSC Adv., 2025, 15, 12876–12895
behave as semisolid gels with elastic properties. Notably, AF0
possesses substantially higher storage modulus compared to
AC0, reecting its enhanced elasticity and energy storage
capacity against deformation. The comparison of loss moduli
among three samples is illustrated in Fig. 2D where AF0 exhibits
a markedly higher loss modulus than AC0. Calcium-gelled
hydrogel demonstrates greater hydrophilicity than iron-gelled
hydrogel, resulting in lower loss modulus. Fig. 2C and F show
the crossover points of G0 and G00 of AF0, and AC0, respectively.
However, the crossover point of AFC is not shown here, all of
these results indicate a marked transition in hydrogel behavior,
shiing from elastic (i.e., solid -like) to viscous (i.e., liquid -like)
characteristic.36

The primary objective of the strain sweep testing in this
study was to identify the linear viscoelastic region (LVR) of the
hydrogels, the region where the gel exhibits structural stability.
The point at which the storage modulus begins to decline
signals the onset of hydrogel disintegration or de-crosslinking.
The broader LVR, along with higher storage and loss moduli
and a gelation point at higher strain observed in ferric-ion-
gelled hydrogels compared to calcium-ion-gelled hydrogels,
suggests that ferric ions signicantly enhance the elastic
modulus more than divalent ions like calcium. Divalent ions
form two-dimensional egg-box structures with alginate,37

whereas trivalent ions, such as ferric ions, form more complex
d microcapsules and mode of interaction of alginate with Ca2+ or Fe3+

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rheological analysis of hydrogels at 25 °C. (A and D) Changes in the storage and loss moduli of AC0, AF0 and AFC hydrogels as a function
of shear strain. (B and E) Average storage and loss moduli of hydrogel samples measured from the plateau regions graphs of (A and D). (C and F)
Plots indicating the crossover point of storage modulus (G0) and loss modulus (G00) at different shear strain of AF0, and AC0 hydrogels,
respectively. Moduli were measured for triplicate samples (n = 3).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 2
:3

5:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
three-dimensional structures. The ability of ferric ions to bind
to both GG and GM blocks of alginate chains through coordi-
nate covalent bonds results in a higher crosslinking density,
creating a more compact network with improved mechanical
properties, such as enhanced deformability under compressive
and extensional stresses.38 Consequently, Fe3+-gelled hydrogels
exhibit higher G0 and G00 and a higher gelation point compared
to calcium-gelled hydrogels, which have signicantly lower G0
Fig. 3 Analysis of chemical structure and degree of crystallinity of hydro
XRD patterns of the microcapsules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and G00 values due to weaker interactions between alginate
chains and calcium ions.

FTIR analysis. The FTIR spectra of the AC0, AF0, and AFC
samples are shown in Fig. 3A. Analysis of these spectra reveals
the presence of alginate functional groups and their interac-
tions with Ca2+ and Fe3+. A notable characteristic band observed
in the range of 3000–3600 cm−1 corresponds to the stretching
vibration of the O–H group in each sample. Compared to
gel microcapsules. (A) ATR-FTR spectra of dried microcapsules and (B)

RSC Adv., 2025, 15, 12876–12895 | 12879
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sodium alginate (data not shown), the O–H stretching vibra-
tions in these samples are narrower. This narrowing can be
attributed to interactions between hydroxyl and carboxylate
groups of alginates with Ca2+ and Fe3+, which form chelating
structures, thereby reducing the number of hydrogen bonds
among the OH groups. The narrower peak observed around
3300 cm−1 in AF0 samples indicates the higher number of
interactions between ferric ion and hydroxyl groups of algi-
nates, suggesting a greater susceptibility to these interactions
compared to AC0 and AFC. The absorption bands with peaks at
around 1576 and 1609 cm−1 correspond to the asymmetric
stretching, while the absorption band with a peak around
1420 cm−1 corresponds to symmetric stretching vibrations of
the carboxyl group (–COO−) in alginate molecule.18 In ferric and
calcium gelled alginate, the asymmetric band was found shied
to lower wavenumbers at 1576 cm−1and 1609 cm−1, respec-
tively, compared to sodium alginate at 1649 cm−1.39 These
observations are consistent with previous studies, thereby sug-
gesting the interaction of ferric and calcium ions with the
carboxyl groups of alginate molecule.18 Additionally, a new peak
at appears at 1732 cm−1 in ferric gelled alginate, likely corre-
sponding to vibration of the carboxyl group of alginate mole-
cules. The notable difference in carboxyl group bands between
Fig. 4 Characterization of hydrogel microspheres. A, B, and C represent
A0, B0, and C0 are representative optical microscopy images of as synthe
showing the size distribution of AC0, AF0, and AFC microcapsules, respec
± 69 mm, and 361 ± 80 mm, respectively. Size of microcapsules were c
200 mm.

12880 | RSC Adv., 2025, 15, 12876–12895
Fe–alginate and calcium–alginate can be explained by stronger
coordination ability of Fe3+ ions with alginate. Chitin is also
conrmed in all three samples as evidenced by the character-
istic peaks in the range of 1020–1030 cm−1 (C–O stretching) and
additional peaks 1740, 1661, and 1560 cm−1, corresponding to
carboxyl, amide I, and amide II groups, respectively. These
ndings highlight the intricate interactions between the algi-
nate chains and metal ions, which could have signicant
implications for the hydrogel properties and potential
applications.

XRD characterization. XRD analysis was conducted to assess
the purity, phase separation, and structural properties of the
formulations. Fig. 3B presents the XRD pattern of AC0, AF0, and
AFC powder samples. The peaks observed at 2q = 13° and 20°
indicate the presence of sodium alginate and chitin, respec-
tively in the hydrogel microcapsules.40,41 In XRD patterns, the
intensity of sodium alginate peak is notably higher in the AC0
sample compared to AFC samples while the AF0 sample lacks
specic peak. This trend suggests a gradual decrease in the
crystallinity of sodium alginate from AC0 to AFC, cumulating in
a complete loss of crystallinity in the AF0 samples. In the AC0
sample, the molecular ordering of the alginate chains remains
largely intact, as the binding of calcium ions does not fully
visual observation of as prepared microcapsules of AC0, AF0, and AFC.
sized hydrogel microspheres. A00, B00, and C00 represent the histogram
tively. Average diameters of AC0, AF0, and ACF were 231 ± 51 mm, 393
ompared in DI water at 25 °C for n = 50 microcapsules. Scale bar =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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disrupt the structure. This phenomenon may be attributed due
to binding of one calcium ion with two chains of alginate while
forming 2D model structure that leads to partial disruption of
the molecular order yet retains some degree of crystallinity.
Conversely, in the AF0 samples, one ferric ion binds with three
alginate chains, resulting in the three-dimensional structure
that signicantly disrupts the molecular order, leading to
complete loss of crystallinity in the alginate. This highlights the
differing mechanism of crosslinking and their impact on the
structural integrity of the alginate hydrogel.
Fabrication of microcapsules

Microcapsules were fabricated by extruding an alginate–chitin
composite mixture using electrohydrodynamic atomization
technique into beakers containing solutions of 150 mM calcium
chloride, 150 mM ferric chloride, and mixture of calcium
chloride/ferric chloride solutions (75 mM/75 mM). Fig. 4
displays photographic images of glass vials containing micro-
capsules, alongside individual optical microscopic images and
their size distribution proles. The visual observation indicate
that all three gelling baths produced spherical microcapsules
from the chitin-incorporated alginate solutions. The size
distribution of the microcapsules (n = 50) is quantitatively
represented in a frequency distribution histogram, revealing
average sizes of 231 mm for AC0, 393 mm for AF0, and 363 mm for
AFC. The narrow size distribution and smaller size of AC0
microcapsules, in comparison to AF0 and AFC, can be attrib-
uted to purely ionic interactions and reduced gelation time
between calcium and alginate chains. In contrast, the larger size
of AF0 and AFC microcapsules is a result of slower gelation
Fig. 5 Characterization of surface morphology and determination of ele
lyophilized AC0, AF0 and AFC microcapsules at the top panel and EDX an
composition at bottom panel. Scale bar = 50 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
process due to coordinate covalent interactions between ferric
ions and alginate chains. It has been reported that the
mechanical and chemical stability of microcapsules depend
largely on their sphericity, with spherical microcapsules
exhibiting higher mechanical strength compared to non-
spherical beads.42 The use of electrospray techniques for fabri-
cation of alginate microcapsules have been reported in
numerous studies.43–45 To our knowledge, this is the rst report
detailing the successful fabrication and characterization of
stable, spherical, and reproducible Fe3+ and Fe3+/Ca2+-gelled
alginate microcapsules incorporated with chitin brils, using
optimized parameters, such as voltage, solution concentration,
and ow rate. This advancement holds signicant promise for
applications in drug delivery, cell culture, and biomedicine,
where microcapsule stability plays a crucial role.

SEM analysis. The external morphology and the elemental
percentage composition of freeze-dried AC0, AF0, and AFC
microcapsules were analyzed using a Scanning Electron Micro-
scope (SEM) and Energy Dispersive X-ray (EDX). As illustrated in
Fig. 5, the SEM image of AC0 reveals a compact, less porous
morphology compared to AF0 and AFC microcapsules. The
binding of divalent cations, such as Ca2+, Ba2+, and Zn2+ with
alginate occurs in a planar two-dimensional manner, leading to
relatively rigid surfaces with lower porosity.28 In contrast, the
SEM image of AF0 microcapsules exhibit a spongy, rough, and
highly porous surface morphology. This increased porosity is
attributed to the ability of ferric ions to form coordinate covalent
bonds with carboxylate groups of multiple alginate chains,
resulting in a three-dimensional network structure. The rough
surfaces of these microcapsules facilitate enhanced protein
adsorption, and the greater porosity promotes better exchange of
mental composition of lyophilized microcapsules. SEM micrograph of
alysis of the respective microcapsules depicting elemental percentage

RSC Adv., 2025, 15, 12876–12895 | 12881
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nutrients and metabolites critical for cell growth and prolifera-
tion. In EDX spectrumof the samples, the prominent peaks at 3.7
keV and 6.4 keV is the clear indication of the presence of calcium
and ferric ions in AC0 and AF0 samples, respectively. Therefore,
the appearance of these peaks conrms a successful incorpora-
tion of calcium and ferric ions in corresponding hydrogel during
gelation of sodium alginate.

Mechanical strength and stability study. The mechanical
properties of AC0, AF0, and AFC microcapsules were assessed
through compressive stress–strain tests with the resulting
force–displacement curves illustrated in Fig. 6A. The analysis
revealed that Ca2+-gelled microcapsules required higher force
for the same displacement compared to those gelled with ferric
ions or combination of calcium and ferric ions. Young's
modulus was calculated from these curves, and the results are
presented in Fig. 6B. The data indicate that the microcapsules
gelled with calcium ions exhibited a higher Young's modulus
Fig. 6 Analysis of mechanical properties and the stability of microcapsule
displacement curves of microcapsules incubated in DI water. (B) Young's
AF0, AFCmicrocapsules submersed in Di water, cell media, and PBS. (D) M
200 mm. Statistical analysis was performed using the one-way ANOVA wi
p < 0.05.

12882 | RSC Adv., 2025, 15, 12876–12895
than those gelled with ferric ions or the combined ions. The
increased Young's modulus observed in calcium-gelled micro-
capsules can be attributed to their more rigid structure arising
from rapid gelation due to purely electrostatic interactions
between alginate and calcium ions. Conversely, the slow gela-
tion process due to the formation of coordinate covalent bonds
between ferric ions and alginate leads to a hydrogel that
requires a slightly less force to achieve the same displacement.

The stability of microcapsules in various media, especially
water, complete media, and PBS was evaluated by submerging
them into these media and incubating at 37 °C in a humidied
condition with 5% CO2. As shown in Fig. 6D, no substantial size
changes were observed for AF0 and AFC microcapsules in DI
water and complete media. In PBS, these microcapsules expe-
rienced noticeable size changes. However, the size change is
particularly notable when comparing the AC0 microcapsules.
The size of the AC0 microcapsules was nearly doubled in PBS as
s incubated in differentmedia for 24 h at 25 °C. (A) Representative force
modulus of the microcapsules (n = 5). (C) The size distribution of AC0,
icroscopic images of microcapsules in the different media. Scale bar=
th Tukey's post hoc method, where * indicates statistically significant at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compared to that in water. The substantial increase in micro-
capsule size in complete media and PBS is likely due to losing
the tight junction among chains caused by the exchange of
gelling ions (i.e., Ca2+ and Fe3+) with monovalent ions (i.e., Na+

and K+) from the media and buffer during the incubation
period. The photographic images in Fig. 6D reveal that all three
types of microcapsules remained swollen while maintaining
their spherical integrity.

The stability of the cell-laden matrix in aqueous system is
crucial for regulating cell behavior, including survival, devel-
opment, migration, proliferation, shape, and functions. Our
observations demonstrate that AF0 microcapsules retained
their structural integrity even aer during multiple washes in
PBS. In contrast, AC0 microcapsules exhibited structural
degradation, likely due to exchange of calcium ions within the
gel with monovalent ions in PBS. The coordination chemistry
between alginate and metal cations plays a critical role in
determining stability of microcapsules in PBS. Studies indicates
that interaction between uronate units of alginate and alkaline
earth metal ions is primarily electrostatic, while transition
metal ions form coordinate covalent coordination
complexes.46,47 As a result, the interactions between alginate and
ferric ions are stronger than those with calcium ions, and this
explains the greater stability of AF0 and AFC microcapsules in
PBS compared to AC0 microcapsules.
Fig. 7 In vitro performances of microcapsules and cell viability study.
microspheres representing live (stained green) and dead (stained red) NI

© 2025 The Author(s). Published by the Royal Society of Chemistry
Additionally, the binding strength of cations is inuenced by
their ionic radius and charge density. Calcium ions have an
ionic radius of 0.99 Å and a charge density of 0.49 eÅ−3 while
ferric ions have a smaller ionic radius of 0.55 Å and a much
higher charge density of 4.30 eÅ−3.48 The smaller ionic radius
and higher charge density of ferric ions create stronger bonds
with carboxylate ions, leading to superior physicochemical
properties in Fe3+-gelled microcapsules. The superior mechan-
ical properties of ferric ion-gelled alginate microcapsules are
further corroborated by a drastic change in appearance of cell-
encapsulated microcapsules aer multiple wash with PBS (see
Section cell incapsulation and Fig. 10). Multiple washes with
PBS during rhodamine/DAPI staining showed that Ca2+-gelled
microcapsules underwent degelling while Fe3+-gelled micro-
capsules maintained their structural integrity, as indicated by
the uorescence images.
Cell encapsulation, cell toxicity, and proliferation studies

The optical images of NIH/3T3 cell-encapsulated microcapsules
are presented in Fig. 7. The microcapsules exhibited spherical
morphology with sizes ranging from 450–550 mm for AC0, 600–
700 mm for AF0, and 550–650 mm for AFC. Notably, Fe3+-gelled
microspheres were slightly larger than those gelled with
calcium or a combination of both ions. Cell distribution within
the microspheres was uniform, with minimal cell presence on
The bright field image and fluorescence images of cell-encapsulated
H/3T3 fibroblast. Cells were stained by AOPI scale bar = 200 mm.

RSC Adv., 2025, 15, 12876–12895 | 12883
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Fig. 8 In vitro analysis of microcapsules with NIH/3T3 fibroblasts and performance on cell viability and cell attachments studied by LDH assay
and live-dead staining. (A) The cytocompatibility of cell-encapsulated microcapsules by measuring the absorbance at 490 nm to quantify LDH
released at day 1 and 5 (n = 3). (B) The histogram of fluorescence intensity for metabolic activity of cells encapsulated in the microcapsules as
measured by AlmarBlue assay at day 1 and 5. (C) Histogram showing the percentage of live cells in fluorescence image of cell-encapsulated
microcapsules prepared in different gelling baths (n = 5). (D) The histogram showing the percentage of live cells cultured with extracted media
from the incubated microcapsules at day 1 and 5.
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the surfaces. This study represents the rst successful fabrica-
tion of cell-encapsulated alginate–chitin microspheres using
the electrospray technique in ferric ion and ferric/calcium ion
gelling baths. The additional electrospray parameters, such as
applied voltage, needle tip-to-gelling bath distance, needle
gauge, and ow rate were optimized during cell encapsulation
according to prior publications.49

To evaluate cell viability and proliferation within the
microcapsules, we conducted LDH and AlamarBlue assays on
the media collected from the encapsulated cells at days 1 and 5.
Fig. 8A illustrates the LDH assay results, expressed in absor-
bance, from the cell media collected on those days. The data
indicate that AF0 and AFC microcapsules exhibited low absor-
bance on days 5, suggesting minimal toxicity and high cell
survival rates compared to day 1 and AC0. Correspondingly, the
AlamarBlue assay results in Fig. 8B reveal a marked increase in
cell proliferation, with fold increase of 2.6, 3.6, and 3.1 from day
1 to 5, for AC0, AF0, and AFC microcapsules, respectively.
12884 | RSC Adv., 2025, 15, 12876–12895
Notably, AF0 microcapsules demonstrated substantially higher
cell proliferation than both AC0 and AFC, likely due to their
soer, spongy structure, and enhanced porosity, which facili-
tate a better nutrient and metabolite exchange. Fig. 8C depicts
the percentage of live cells within the microcapsules at days 1
and 5, with live cells exceeding 80%, across all samples until
day 5. Importantly, AF0 microcapsules maintained a higher
percentage of live cells compared to AC0 and AFC. The histo-
gram in Fig. 8D shows the percentage of live cells on day 1 and 5
when cells cultured in extracted media from submerged
microcapsules, with corresponding uorescence images pre-
sented in Fig. 9. Live cells remained above 95% in all three
samples, underscoring the biocompatibility of the microcap-
sules for cell growth and proliferation.

The AF0 hydrogel demonstrates higher cell viability and
proliferation rates compared to calcium alginate gels. This
observation underscores the importance of microcapsules in
optimizing the performance of hydrogel for applications in
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01397f


Fig. 9 In vitro performance and cell viability study in extracted media of microcapsules. The fluorescence image of NIH/3T3 cells cultured in
extracted media on day 1 and day 5 representing live (stained green) and dead (stained red). Cells were stained using AOPI. Scale bar = 200 mm.
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tissue engineering and regenerative medicine. This enhance-
ment of cell viability, growth, and proliferation in ferric-gelled
microcapsules can be attributed to protein adsorption, partic-
ularly vitronectin, a glycoprotein crucial for cell adhesion,
migration, and proliferation.50,51 Fe3+-gelled hydrogels are
considered to more hydrophobic leading to increased protein
adsorption, while hydrophilic nature of calcium alginate results
in reduced protein contact. Consequently, as reported in
© 2025 The Author(s). Published by the Royal Society of Chemistry
previous studies, Fe3+-gelled alginate hydrogels promote better
cell proliferation compared to Ca2+-gelled alginate hydrogels
due to their enhanced protein adsorption.51
Cell morphology

Aer conrming sufficient cell growth within the cell-
encapsulated microcapsules, we focused on evaluating cell
morphology in both a 2D surface environment and a 3D
RSC Adv., 2025, 15, 12876–12895 | 12885
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Fig. 10 Study of NIH/3T3 fibroblasts cell proliferation and morphology cultured on extracted media of AC0, AF0, AFC microcapsules, and
control media. Fluorescence microscopy images of the NIH/3T3 fibroblasts cultured in the extracted media after day 1 and day 5. The cyto-
skeletons were stained by rhodamine-phalloidin (red) and counter-stained with DAPI (blue) for the nuclei. Scale bar = 100 mm.

12886 | RSC Adv., 2025, 15, 12876–12895 © 2025 The Author(s). Published by the Royal Society of Chemistry
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structure. Fluorescence microscopy images of the cells grown in
the extracted media from AC0, AF0, and AFC microcapsules on
days 1 and 5 are presented in Fig. 10. The uorescence images
display extended cytoskeletons, dendritic structures, and
polygonal shapes, all indicative of healthy cell morphology. By
day 5, increased cellular mass density suggests robust growth
and proliferation, conrming the biocompatibility of all
microcapsule types. The cells were uniformly distributed and
well spread on the surface. Notably, the cell body in 2D seems
attened and elongated extensively spread throughout the
surfaces, exhibiting extensive outgrowth of pseudopodia.
Further, the cells' adhesive nature and spindle-like structure on
cell morphology were observed in the control and AC0 samples.
However, in the AF0 and AFC samples, the cellular mass density
is high resulting in excessive cell growth, suggesting that the
extracts provide a strong biomimetic surface to coordinate cell
growth, proliferation, and regeneration.
Fig. 11 Study of NIH/3T3 fibroblast cell morphology and proliferation wi
image (top panel) of cell-encapsulated microcapsules followed by th
cytoskeleton, DAPI (blue) for nuclei scale bar = 100 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Further, the uorescence microscopy images of encapsulated
NIH/3T3 cells within the 3D microcapsule aer 5 days of culture
are depicted in Fig. 11. Within the microcapsules, cells retained
round or slightly elongated shapes due to spatial connement,
which restricted cell spreading and resulted in a more compact
morphology. The compact morphology of cells in AC0 micro-
capsules was less distinct due to gradual degelation in PBS
during washing. In contrast, AF0 and AFC microcapsules
exhibited compact cell morphology, clear cytoskeletal structures,
and well-dened nuclear staining, indicating active cell prolif-
eration. The cells were well-proliferated and distributed relatively
similar to the cell cultures in 2D structures. The proliferation of
cells was not affected in the microcapsules. Interestingly, the
porous structure of the alginate/chitin hydrogel microstructure
exhibited a favorable environment for cell growth and spreading.
The cells were uniformly distributed. The staining of nuclei (blue
color) and lamentous cytoskeleton (red color) were observed in
thin AC0, AF0, and AFC microcapsules, cultured for 5 days. Bright-field
e fluorescence microscopy image as rhodamine-phalloidin (red) for

RSC Adv., 2025, 15, 12876–12895 | 12887
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the 3D structured hydrogel microcapsules enhancing the cell
body to be able to sense and respond to the signals from
surrounding surface topography for cell proliferation and
differentiation.52 According to Semenyuk et al. and Tatum et al.,
the spongy microcapsule hydrogel has cationic and anionic
charges which inuence protein interaction and biomolecules
diffusion, thereby inducing biological activity.53,54 Cells grown in
brous hydrogels benet from proper attachment sites,
concentration gradients for bidirectional ow of nutrients,
oxygen, and metabolites, adequate cell communication, and
tissue-like stiffness; all of which enhance the mimicry of the in
vivo microenvironment. Consequently, cell morphology and
molecular mechanisms are preserved in cells grown in micro-
capsules, as illustrated in Fig. 11. From a morphological
perspective, AF0 microcapsules appeared to support healthier
and more proliferative cells compared to AC0 microcapsules,
highlighting the benecial effects of the ferric ion environment
on cell viability and morphology. This nding aligns with
previous studies that have demonstrated positive effects of ferric
ions on cellular behaviors. Ferric ions have been known to
participate in various biological processes, including the regu-
lation of cellular growth, repair and differentiation.55 For
example, iron plays a crucial role in cellular metabolism,
particularly in oxygen transport and energy production, which
could explain the observed improvement in cell health and
morphology in the Fe3+-gelled microcapsules.56 In contrast,
calcium ions, though essential for cell signaling, may not provide
the same level of support for proliferation in this context,
potentially due to differences in the biochemical pathways they
regulate.

Additionally, the structural integrity of the microcapsules
could contribute to the observed differences. Ferric ions may
inuence the mechanical properties of the gel matrix, creating
a more supportive environment for cell attachment and growth.
On the other hand, Ca2+-gelled microcapsules may form a less
optimal structural network, potentially limiting cell expansion
and attachment, which could explain the reduced cell prolifer-
ation observed in this condition.
Cell migration

To investigate the effects of calcium and ferric ions on cell
migration and proliferation, we conducted a scratch assay on
the monolayer of NIH/3T3 cells cultured in media extracted
from different microcapsules and a control cultured medium in
24-well plates. Fig. 12 shows the optical images of the scratched-
wound healing process. The results demonstrate that the
scratch was progressively lled due to cell migration and
proliferation of cells towards the scratched area. The corre-
sponding histogram represents the relationship between cell-
free area and time. The media extracted from ferric ion cross-
linkedmicrocapsules (AF0 and AFC) demonstrates a gap closure
percentage of 80 and 75%, respectively, compared to 65% for
the calcium ion-crosslinked AC0 microcapsules aer 18 hours.
This illustrates that a rapid migration and proliferation of NIH/
3T3 broblast cells occur due to improved adsorption of serum
proteins like vitronectin and bronectin in a ferric ion-enriched
12888 | RSC Adv., 2025, 15, 12876–12895
environment.56 This aligns with existing literature indicating
that ferric ions enhance serum protein adsorption, thereby
improving broblast cell adhesion via their binding receptors,
av and b1 integrins.51 In contrast, the lower protein adsorption
observed in Ca2+-gelled microcapsules resulted in a slower
migration and proliferation as illustrated in Fig. 12. Hence,
increased protein adsorption facilitated by media from Fe3+-
gelled microcapsules supports enhanced cellular adhesion,
spreading, and proliferation.

This methodology relies on the principle that when
a scratch is made on the conuent cell monolayer, cells at the
edge of the gap migrate to close the scratch, thereby re-
establishing new cell–cell contacts. By observing the collec-
tive migration of cells in a controlled in vitro environment, we
can simulate key mechanisms involved in cell migration and
proliferation, which presents the promising potential of the
hydrogel for applications in skin tissue engineering and other
biomedical elds. The study of cell migration and proliferation
is crucial for various physiological processes, such as wound
healing, embryonic development, and angiogenesis. This
research aims to mimic aspects of in vivo cell migration.
Recent ndings suggest that the ferric ion-enriched environ-
ment supports cell proliferation due to the adsorption of
serum proteins, such as vitronectin and bronectin, resulting
in improved broblast proliferation. The coordinate covalent
complex formed between alginate and ferric ions contributes
to the mechanical strength and porosity of the microcapsules,
which are advantageous for a long-term cell culture. In
contrast, the purely electrostatic interactions in calcium algi-
nate lead to a rigid structure with lower porosity, impeding
adequate nutrient exchange and consequently slowing cell
growth and proliferation. Additionally, chitin-integrated algi-
nate composites enhance cell interactions due to their low
toxicity, hydrophilicity, mucoadhesive properties, and hemo-
static abilities, all of which support wound healing.57 These
composite materials also play a crucial role in stabilizing
reactive oxygen and nitrogen species generated during cellular
metabolism, thereby reducing the oxidative and nitrosative
stress, which are key contributors to cell damage and death.58

Overall, our ndings suggest that Fe3+-gelled hydrogel micro-
capsules offer a promising alternative to Ca2+-crosslinked
hydrogel microcapsules for enhancing cell adhesion, growth,
proliferation, and migration. Further, cellular microencapsu-
lation provides a strategy for immobilizing cells within
biomaterials, addressing immunogenicity by blocking larger
molecules while allowing the diffusion of smaller molecules
such as oxygen and nutrients. This encapsulation not only
promotes immunoisolation but also inuences intracellular
processes such as cell phenotype, cytoskeleton organization,
proliferation, and migration. This nding is consistence with
our previous research demonstrating the efficacy of cell
encapsulation in alginate–chitin composite core–shell micro-
capsules.49 Thus, it can be concluded that Fe3+-gelled hydrogel
microcapsules encapsulated with cells could serve as a highly
efficient system for regenerative medicine, cell delivery, drug
delivery, wound healing, and tissue engineering applications.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Representative images and corresponding quantitative analysis from in vitro scratch-wound healing assay demonstrating that NIH/3T3
cell migration into the cell-free region as marked with blue lines cultured in media extracts of different microcapsules. The migratory ability of
NIH/3T3 was measured using a wound healing size tool from the ImageJ software. The images of the cells migrated and spread over the wound
area were observed and photographed using a phase contrast inverted microscope at 0 h and 18 h. Scale bar = 500 mm. Corresponding bar
graphs on the right column represent the percentage of cell-free area at a given time interval during the scratch wound assay. Statistical analysis
was performed using the one-way ANOVAwith Tukey's post hocmethod, and the data are expressed as the mean± SD; n= 4 per group (where,
##p < 0.01 compared with control (TCP) and AFC, **p < 0.01 compared with control and AC0 and ***p < 0.001 compared with AC0 and AF0 and
$$$ p < 0.001).
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Conclusion

We have reported the fabrication of alginate hydrogel micro-
capsules embedded with chitin nanobrils and gelled with
divalent and trivalent metal ions, using electrostatic encapsu-
lation techniques. Rheological study conrmed that the Fe3+
© 2025 The Author(s). Published by the Royal Society of Chemistry
crosslinked hydrogels exhibited higher shear and loss moduli
as compared to their Ca2+ counterparts. The performance
evaluation of alginate–chitin microcapsules crosslinked with
divalent (e.g., Ca2+) and trivalent (e.g., Fe3+) metal ions demon-
strates the impact of gelling agents on structural integrity,
mechanical properties, and biological functionality. Among the
RSC Adv., 2025, 15, 12876–12895 | 12889
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fabricated microcapsules, those gelled with Fe3+ (AF0) and
a combination of Fe3+ and Ca2+ (AFC) outperformed Ca2+-only
gelled capsules (AC0) across multiple criteria. AF0 and AFC
maintained superior structural stability under physiological
conditions, resisting swelling and surface degradation over
extended incubation in PBS. Biologically, all formulations
supported NIH/3T3 cell viability above 75% over ve days;
however, AF0 microcapsules particularly promoted improved
cell attachment, proliferation, and migration, as shown in
morphological and scratch assay studies. These ndings high-
light the advantages of Fe3+-gelled microcapsules in achieving
both mechanical robustness and favorable biological interac-
tions, underscoring their potential for applications in regener-
ative medicine, tissue engineering, and targeted cell delivery
systems.

Materials and methods
Materials and reagents

Chitin akes (C7170-100G), calcium chloride, and ferric chlo-
ride were purchased from Millipore Sigma, USA. Alginate
(PRONOVA UP MVG) was obtained from Novamatrix, Industri-
veien 33 N-1337 Norway. Hanks' balanced salt solution (HBSS)
buffer was obtained from Life Technology (Gaithersburg, MD,
USA). Dulbecco modied eagle medium (DMEM), fetal bovine
serum (FBS), penicillin–streptomycin, TritonX-100,
AlamarBlue™ cell viability reagent were purchased from
Thermo Fisher Scientic (Waltham, MA, USA). Likewise,
trypsin, ethylenediaminetetraacetic acid (EDTA), 40,6-
diamidino-2-phenylindole (DAPI), lactate dehydrogenase (LDH)
cytotoxicity assay kit were obtained from Invitrogen (Waltham,
MA, USA). Acridine orange/propidium iodide (AOPI) was ob-
tained from Fisher Scientic (Hampton, NH, USA). All the
chemicals and reagents were of analytical grade and used as
received without further purication.

Preparation of alginate–chitin nanobril solution

Sodium alginate salt sterilized overnight in ultraviolet light was
dissolved in Hank's balenced salt solution and stirred for 8
hours using magnetic stir bar to make 2% (w/v) solution.
Likewise, chitin from shrimp shells was also sterilized in UV
light before dispersion in sterilized deionized (DI) water to form
a 2% (w/v) suspension. The suspension was then converted into
nanobrils using a debrillation process described by Tanaka
et al.59 Briey, 0.5 g of chitin was dispersed in 25 mL of DI water
and sonicated under a nitrogen atmosphere in an ice bath for 3
hours to disentangle the chitin akes into a nanobril
Table 1 Summary of hydrogel samples fabricated in different gelling bath
v) was mixed with 400 mL chitin 2% (w/v)

Microcapsule
name

Mass percentage
of alginate and chitin bril

CaCl2 in
gelling bath

AC0 60 and 40 50
AF0 60 and 40 0
AFC 60 and 40 25

12890 | RSC Adv., 2025, 15, 12876–12895
suspension. The resulting chitin brils were sterilized under UV
light prior to mixing with alginate solution in the mass ratio of
60/40 (alginate/chitin) and subjected to bath sonication for 10
minutes to mix them homogeneously. The homogenously
mixed alginate/chitin composite suspension was subsequently
used for rheological studies, physicochemical characterization,
and the fabrication of microcapsules.
Preparation of hydrogel and rheological studies

Hydrogel discs were prepared using a gelling bath of CaCl2,
FeCl3, and a CaCl2/FeCl3 mixture from a 60/40 (w/w) composi-
tion of alginate 2% (w/v)/chitin 2% (w/v) suspension. Solutions
of calcium chloride and ferric chloride at a concentration of
150 mM were prepared in sterilized deionized water; this
concentration was selected based on previous research by other
authors60–62 and our own studies in preparation of alginate-
based hydrogels.63 For the gelling bath, 10 mL of CaCl2 and
FeCl3 solutions each having 150 mM concentration were added
into two separate wells, while a mixture containing 5 mL each of
CaCl2 and 5 mL of FeCl3 solution was used in the third well of
a six-well plate. 1 mL of a composite polymer prepared from
mixing 600 mL of alginate solution 2% (w/v) and 400 mL chitin
2% (w/v) was carefully dropped into each gelling bath and le
for 10 minutes to form a translucent hydrogel disc. Rheological
property of the hydrogel discs was measured using an MCR 302
rheometer (Anton Paar, Austria). The hydrogel disc was posi-
tioned on the lower platform, and the upper stage of the
rheometer, tted with an 8 mm diameter beam, was lowered
until it contacted the sample's surface. Excess material outside
the beam was carefully removed, and the surrounding area was
dabbed to eliminate any remaining liquid. The storage modulus
(G0) and loss modulus (G00) of the hydrogel were measured at
25 °C using a frequency sweep experiment, conducted over
a frequency range of 0.1–100 Hz with a constant strain of 0.1%.
Fabrication of hydrogel microcapsules

Microcapsules of the alginate/chitin composite were fabricated
using electrohydrodynamic atomization, also known as elec-
trospray, under a voltage of 8 kV. The combined mixture of
alginate and chitin prepared by mixing 600 mL of the alginate
solution (2% w/v) with 400 mL chitin (2% w/v) nanobrils
suspension was vortexed for 5 minutes before using it for
fabrication. The composite polymer solution was aspirated into
a syringe tted with a 24 gauge needle (Rame-Hart Instrument
Co., Succasunna, NJ) and loaded onto a vertically mounted
syringe pump. The polymer was slowly extruded at a ow rate of
s. For eachmicrocapsule fabrication 600 mL of alginate solution 2% (w/

(mL)
FeCl3 in
gelling bath (mL)

Concentrations of the ions
in the gelling bath (mM)

0 150 (Ca2+)
50 150 (Fe3+)
25 75 (Fe3+) and 75 (Ca2+)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3 mL h−1 through the needle into separate beakers containing
gelling baths of 150 mM CaCl2, FeCl3, and a CaCl2/FeCl3
mixture. An 8 kV voltage was applied to create an electric eld,
maintaining a 40 mm distance between the nozzle tip and the
bath solution during microcapsule fabrication. The microcap-
sules were allowed to gel for 10 minutes; then rinsed with DI
water to remove excess gelling solutions before further charac-
terization. Fabricated microcapsules were dispersed in DI
water, cell media, and PBS solution and incubated for 4 days at
37 °C and 5% CO2 before characterizing for morphology, size,
and stability. Table 1 shows the volumetric composition of
alginate, chitin as well as gelling bath of calcium chloride and
ferric chloride with their respective concentration during
fabrication of microcapsules.

Analysis of chemical composition of hydrogel

Hydrogel samples of the alginate/chitin prepared as described
in above section were washed with DI water multiple times to
remove excess unreacted gelling agents. The resulting hydrogel
was frozen and freeze-dried in a Labron Free Zone freeze dryer
(New Life Scientic, Ohio, USA) for 24 h at a chamber pressure
of 0.01 millibar and temperature of −80 °C. Fourier-transform
infrared (FTIR) spectra of the dried hydrogel samples were
then recorded using an FTIR spectrometer (Shimadzu IR-100,
Tokyo, Japan) in the range of 500–4000 cm−1 with a resolution
of 2 cm−1 over 20 scans per spectrum. The crystallinity of each
dried hydrogel sample was analyzed using a benchtop X-ray
diffractometer (Rigaku Miniex600, Tokyo, Japan). The instru-
ment operated in continuous mode with increments of
10° min−1 and scanned over a 2q range of 10° to 90°. Mono-
chromatic Cu Ka radiation (1.542 Å) was used, and samples
were analyzed between 10° and 60° (2q). The voltage and current
were set at 30 kV and 30 mA, respectively.

Characterization of hydrogel microcapsules

Morphology and size distribution. Themorphology of chitin-
embedded alginate microcapsules (AC0, AF0, and AFC) was
studied using an inverted optical microscope (EVOS® FL Core
Digital Inverted). Optical images were taken while microcap-
sules were in cell culture conditions, and their size distribution
was assessed using ImageJ soware (NIH, USA). Freeze-dried
microcapsules were gold-coated using a Polaron E 5400
sputter coater, and surface morphology was visualized with
SEM (JEOL, Japan) at an accelerating voltage of 10 kV and 10 mA
current. Additionally, elemental quantication of these lyophi-
lized microcapsules was analyzed by Energy Dispersive X-ray
technique.

Mechanical properties

The stiffness of microcapsules was analyzed by applying
compressive force between two parallel plates to each micro-
capsule using a Micro-Tester (Cell Scale Biomaterial Testing,
Waterloo, Canada) according to prior publication.49 Briey,
a circular tungsten microbeam with a length of 58 mm and
diameter of 0.5588 mm was used to apply a constant force to
hydrogel microspheres (n = 5). Microcapsule submersed in DI
© 2025 The Author(s). Published by the Royal Society of Chemistry
water for 24 h was placed on the bottom stationary plate then
sandwiched by moving the top plate, in water bath at room
temperature. Hydrogel microcapsules were compressed to 30%
of their original diameter for 30 seconds of loading and recovery
time. The force and displacement were measured using the
incorporated image analysis module in the microscale system.
Force vs. displacement and displacement vs. time curves were
generated using the company soware, UniVert, version 1.0.0.1.
The Young's modulus of the microcapsules was calculated from
the raw data.

Fabrication of cell-encapsulated microcapsules

Mouse broblast cells (NIH/3T3, ATCC Cell Line Bank 1658,
Manassas, VA, USA) were cultured in standard Dulbecco
Modied Eagle Medium (DMEM) supplemented with 10% FBS
and 1% penicillin/streptomycin. Cells were grown in 75 cm2

tissue culture asks at 37 °C in a 5% CO2 humidied environ-
ment. At 80% conuency, cells were dissociated with 0.25%
trypsin/EDTA, collected, and centrifuged. The pellets were
resuspended in a fresh medium to the desired cell density.

NIH/3T3 cells at a density of 1 × 106 mL−1 in cell culture
media were suspended with UV sterilized 1 mL of alginate/
chitin (60/40) (w/w) and electrosprayed under the same condi-
tions as described in fabrication of microcapsules. Cell-
encapsulated microcapsules (AC0, AF0, and AFC) were washed
three times at 5-minute intervals in Hanks' balanced salt solu-
tion (1X), transferred to complete cell culture media (DMEM) in
24-well plates, and incubated at 37 °C in a humidied atmo-
sphere with 5% CO2. Culture media was changed with fresh
media every 2 days. For the indirect cell culture study, each set
of microcapsules fabricated as outlined in previous section was
immersed in 4 mL of fresh medium in three separate 15 mL
centrifuge tubes, and incubated at 37 °C in a humidied envi-
ronment with 5% CO2 for 24 h. Aer incubation, the culture
medium was carefully aspirated from each tube and used for
the indirect cell culture study with the NIH3/T3 cells. The cells
were seeded in 48-well plates at a density of 3 × 104 cells per
well, using the extracted medium. Freshly prepared media
served as the control for each cell culture study. The plates were
incubated at 37 °C in a 5% CO2 atmosphere. Live and dead cell
staining, along with the morphology of NIH/3T3 cells in indirect
contact, were assessed using the uorescence dye, acridine
orange/propidium iodide (AOPI).

Lactate dehydrogenase assay

The LDH assay was conducted using CyQUANT™ LDH cyto-
toxicity assay kit to assess the toxicity of the different micro-
capsule samples (AC0, AF0, and AFC) on the cells. Media from
the cultured cell-microcapsules were collected at various time
intervals and preserved at 4 °C for further experiments. Briey,
50 mL of the collected cultured media from the cell-
encapsulated microcapsules was transferred to the wells of
at bottom 96-well plates in triplicate. Then, 50 mL of the
reaction mixture was added to each well, and the plates were
incubated in the dark for 30 minutes at room temperature. The
reaction was stopped by adding 50 mL of stop solution to each
RSC Adv., 2025, 15, 12876–12895 | 12891
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well, and gently mixed by tapping. The absorbance of the
reaction assay solution was measured at 490 nm using 570 nm
as a reference wavelength using a microplate reader (Clariostar
Plus, BMG LABTECH Inc., Cary, NC, USA) to calculate the
cytotoxicity of the microcapsules on 1, and 5 days.

Alamar blue assay

Cell viability was measured using the AlamarBlue assay kit
following the manufacturer's standard protocol. Briey, 100 mL
culture media from cell-encapsulated microcapsules were
collected and transferred into wells of 96-well plates (n = 6).
Then, 10% AlamarBlue was added and incubated for 4 hours at
37 °C in a 5% CO2 humidied incubator. The absorbance of the
AlamarBlue reaction solution was measured with a microplate
reader (Clariostar Plus, BMG LABTECH Inc., Cary, NC, USA) at
570 nm using 600 nm as a reference wavelength. The cell
viability percentage was calculated following the manufac-
turer's standard protocol.

Fluorescence imaging and analysis

The viability studies of cells encapsulated in microcapsules
were conducted during different culture periods (1, and 5 days).
The cells were stained with AOPI stain to examine the live and
dead cells following the manufacturer's protocol. Briey, the
media from the cell-encapsulated microcapsule cultured well
plates were carefully aspirated, and the microcapsules were
rinsed with PBS three times. Then, the working solution of AOPI
was added to each well and incubated at 37 °C for 10 minutes.
Fluorescence z-stack images of the stained microcapsules were
captured using an Olympus IX83 microscope with Olympus
cellSens Dimension soware (Olympus Corporation, Shinjuku,
Tokyo, Japan). Live cells stained green and dead cells-stained
red. Cell counts for live and dead cells were determined from
the uorescence images using ImageJ 1.53c soware (NIH,
Bethesda, MD, USA). A similar procedure was followed to stain
and capture uorescence images of cells grown in extracted
media from different microcapsules to study cell viability using
the Olympus microscope.

Cell morphology studies

The morphology of the cells cultured in extracted media and
those in encapsulated microcapsules was examined by staining
with ActinRed™ ReadyProbe™ Reagent (rhodamine-
phalloidin) and DAPI (40,6-diamidino-2-phenylindole), to visu-
alize actin laments and cell nuclei. The morphology of cells
grown for 1 and 5 days in the extracted media of microcapsules,
TCP as control media, and cells encapsulated in different
microcapsules (AC0, AF0, and AFC) were examined. The cells
and encapsulated microcapsules were washed with PBS and
xed with a 4% paraformaldehyde solution for 10 minutes. The
xed cells were permeabilized with 0.2% Triton X-100 for 2
minutes at room temperature. Subsequently, 1% bovine serum
albumin (BSA) was used to block the permeabilized cells for 30
minutes at room temperature. Then, cells and cells encapsu-
lated microcapsules were stained with rhodamine-phalloidin
for 20 minutes at RT in dark to visualize cytoplasm and with
12892 | RSC Adv., 2025, 15, 12876–12895
DAPI for 5 minutes at RT in dark to visualize nuclei. Fluores-
cence images of the stained cells were captured using an
Olympus 1X83 microscope.

Cell migration assay

Cell migration assay with NIH/3T3 cell cultures was used to
determine if the different microcapsules could promote wound
closure in vitro. Briey, the cells were seeded within 24-well
plates with a complete medium at a density of 1.5 × 105 cells
per well and allowed to grow to form a conuent monolayer.
Aer 80% conuency, the cell sheet was wounded through
scratching the culture well surface with a sterile 200 mL pipette
tip. Then, the detached or fragment cells were washed with PBS
and incubated with extracted media from different micro-
spheres (AC0, AF0, and AFC) that were immersed in complete
media for 24 h, a freshly prepared complete medium was used
as a control. The cell migration was monitored and photo-
graphed under a phase contrast inverted microscope at 0 h and
18 h to measure cell-free area. Aer that, the percentage of cell-
free area was measured and quantied using a wound healing
size tool from ImageJ Soware.

Statistical analysis

Data were analyzed for signicance using OriginPro soware
(OriginLab, Northampton, MA, USA) through one-way analysis
of variance (ANOVA). All results were expressed as mean ± S.D.,
A post hoc Tukey's test was performed with ANOVA for multiple
comparisons. The a-value was set to 0.05, and p-values of less
than 0.05 were considered statistically signicant.

Data availability

All data generated in this study will be made available by the
corresponding author on reasonable request.
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