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Abstract

ABSTRACT

The secretome of mesenchymal stem cells (MSC) has been found to have healing properties, but
a cell-free vehicle for its targeted delivery is needed. Hydrogels are biomaterials that can hold
significant amounts of water and are widely used in the healthcare industry, and they can be used
as a vehicle for the targeted delivery of MSC secretome to wounds. Chitosan/PVA/Vanillin
hydrogels were formed. Secretome was infused by mixing it in the Chitosan/Vanillin solution.
Scanning Electron Microscopy (SEM) was used to assess the surface morphological characteristics
of hydrogels and X-Ray Diffraction (XRD) was used to determine their crystalline structure. The
chemical bonds in hydrogels were analyzed by Fourier Transform Infrared Spectroscopy (FTIR).
Water Uptake Analysis was performed to check for the hydrogels' hydrophilicity. SEM analysis
revealed that the secretome constituents were evenly spread out in the hydrogel. XRD analysis saw
a slight distortion of the indicative peaks of Chitosan/PVA/Vanillin hydrogel and revealed new
peaks, suggesting proper infusion of the stem cell secretome. FTIR analysis saw an increase in the
amine peaks, suggesting the integrity of the secretome and its proper infusion. Water Uptake
Analysis revealed less hydrophilicity of secretome-infused hydrogels than the control hydrogels,
suggesting a thorough infusion of the secretome. Overall, our study optimized the protocol for
stem cell secretome infusion in hydrogels as a novel drug delivery approach and revealed the

compatibility of secretome with Chitosan/PVA/Vanillin hydrogels.

Keywords: Mesenchymal Stem Cell (MSC) Secretome, Hydrogels, Wound Healing, Regenerative
Medicine, SEM, XRD, FITR



Chapter 1 Introduction

INTRODUCTION

Regenerative medicine is a rapidly growing field of medicine which has the potential to heal or
replace disease, or trauma, and to correct congenital defects. Traditional therapies include tissue
and organ transplantations for clinical treatments. However, the use of methods such as
transplantation are disadvantaged by limited donor availability and significant immune
complications. Regenerative medicine can provide the solutions to these challenges by employing
various strategies, including the use of materials and newly generated cells, either separately or in
combination, to replace missing tissues both structurally and functionally, or to aid in tissue repair.

(Mao & Mooney, 2015).

Stem cells have become a focal point of research in modern regenerative medicine, which can also
be referred to as stem cell therapy. Stem cells are defined by their ability of self-renewal and
differentiation into several specialized cell types. Stem cell therapy is utilized with the aim to
enhance the body repair machinery via stimulation, modulation, and regulation of native stem cells
or through the introduction of external cells into the patient's body to restore tissue balance and

promote healing. (Hoang et al., 2022).

Mesenchymal stem cells (MSCs), a specific type of stem cell, are identified as non-hematopoietic
cells with the ability to differentiate into multiple lineages, such as mesodermal, ectodermal, and
endodermal lineages. They are a promising option for cell therapy and human tissue reformation
multipotent differentiation, self-renewal ability, long-term proliferation outside the body, paracrine
functions, and immunoregulatory effects. Despite their great potential, they also possess certain

limitations.

The number of MSCs isolated from bone marrow is significantly lower than the quantity required
for clinical treatments, necessitating ex vivo expansion, typically in bioreactors. Post-expansion,
MSCs can be administered locally or systemically. However, local injection often results in MSCs
being washed away, engulfed by phagocytes, or undergoing necrosis, with less than 5% persisting
in the tissue a few hours after transplantation. Systemic administration usually leads to MSC
accumulation in the lungs and clearance by monocytes within 24 hours, requiring multiple doses

for clinical efficacy, thereby increasing reliance on in vitro expansion (Wechsler et al., 2021).
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The necessity to exploit the advantageous properties of MSCs remains critical, thus prompting the
development of a cell-free alternative. MSCs secrete a broad range of bioactive molecules
collectively known as the secretome, in response to the surrounding environment (Ahangar et al.,
2020). The secretome is mainly composed of a significant number of proteins and some additional
small molecules. The proteins which make up the composition of the secretome include cytokines,
chemokines, growth factors. Metabolites, ions, peptides, microvesicles, and exosomes are the
small molecules present in the mix. Research on proteins secreted by the stem cells has shown that
these factors, when used alone without the cells, can initiate the healing process in damaged tissues
or organs (Md Fadilah et al., 2022) This has led to the solution of a cell-free alternative derived

from MSCs as a promising therapeutic approach in tissue regeneration (Ma et al., 2023).

Growth
Factors
Metabolites Cytokines
Secretome
, i Chemokines
jons Composition
Peptides ‘ Microvesicles

Exosomes

Figure 1 Composition of Secretome (Md Fadilah et al. 2022)
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3 Eliminates safety Can be long-term stored = 4
risks of cell frozen or freeze-dried
transplantation without losing efficacy
2 Enables dose, potency, Custom cell lines for | S
and safety assessment secretome production
similar to traditional without tissue or donor
medicine constraints
1 ' Direct secretome use Bypass risks like tumors, 6
avoids component immune rejection, and
screening for MSC-like ethical concerns in cell
immune effects therapy
Secretome
Properties

Figure 2 Advantageous properties of secretome (Su et al. 2023; Arifka et al. 2022)

The secretome requires a suitable environment for its sustained release for biomedical applications,
to allow targeted delivery to damaged tissues, which can be provided by its incorporation in an
appropriate biomaterial. The American National Institute of Health defines a biomaterial as “any
substance or combination of substances, other than drugs, synthetic or natural in origin, which can
be used for any period of time, to augment or replace partially or totally any tissue, organ, or

function of the body, in order to maintain or improve the quality of life of the individual™.

An ideal biomaterial for tissue healing should meet some requirements, such as non-toxicity,
optimal rate of biodegradability, non-immunogenicity, tissue biocompatibility and adequate
mechanical properties and morphology. By adjusting some of these physical properties,
biomaterials such as hydrogels, can provide satisfactory anti-inflammatory, antibacterial, and

adhesive properties. (Ijaola et al., 2022; Kaur et al., 2022).

Hydrogels are characterized by their three-dimensional network of cross-linked polymers that can
hold a significant amount of water while maintaining their structural integrity after swelling. Their
beneficial features include 3D structures like natural tissues, elasticity, a moist environment,
porous structures that allow gaseous exchange and prevent anaerobic bacterial growth, acting as a
barrier against bacterial infections, and enhancing epithelialization as well as cell migration. Such

properties render hydrogels highly promising materials for tissue regeneration (Asadi et al., 2021).

4
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1.1 Research Objectives

Our research objectives have been demonstrated, keeping in view the extensive literature. These

include:

e Development and optimization of protocol for Chitosan/PVA/Vanillin hydrogel to ensure
preparation of a hydrogel with suitable properties for secretome infusion.

e Development and optimization of protocol for Secretome-infused Chitosan/PVA/Vanillin
hydrogel to enhance the therapeutic efficacy of the hydrogel.

e (Characterization of hydrogels to confirm the incorporation of secretome and its

biocompatibility.
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LITERATURE REVIEW

2.1 Stem Cells

The classification of these cells is based on their potential to differentiate into totipotent,
pluripotent, multipotent, and unipotent cells, and based on their origin which can be embryonic,
adult or can be sourced the umbilical cord or placenta. Notably, induced pluripotent stem cells
(1IPSCs) are a distinct type generated from adult somatic cells by introducing specific genes

encoding for transcription factors (Kucharzewski et al., 2019).

Numerous studies have shown significant advancements in cellular therapy due to the ability of
stem cells to self-renew and differentiate into all cell types, playing a crucial role in physiological
regeneration. Various sources of stem cells, which include adult and pluripotent stem cells (PSCs).
These further include embryonic stem cells (ESCs) as well as induced pluripotent stem cells
(1PSCs), which are utilized. PSCs are particularly valued for their high potential for pluripotency
and self-renewal, making them a promising option for treating diseases. However, ethical issues
arise with the use of ESCs, which involve the destruction of embryos at the blastocyst stage.
Research has demonstrated the regenerative capabilities of iPSCs in preclinical settings, with the
first clinical study conducted for treating age-related macular degeneration. Despite this, the risk

of tumorigenicity remains unresolved.

These limitations have led to a surge of interest in adult stem cells which are the multipotent cells
found in the tissues and organs of adults. Different research has shown that stem cell therapy can
restore and heal injured organs in situ by stem cell differentiation and the formation of new
specialized cells. Furthermore, some studies have demonstrated that cultured adult stem cells
secrete a host of factors that are anti-apoptotic, immunoregulatory, angiogenic, and
chemoattractant which in turn speed up the regeneration process. Hematopoietic stem cells (HSCs)
and mesenchymal stem cells (MSCs) are among the most commonly used adult stem cells, mainly

because they can be derived from donors with diseased conditions.(Margiana et al., 2022, 2022)

2.2 Mesenchymal Stem Cells

MSCs were initially considered "stromal" cells rather than stem cells. Some researchers proposed

renaming MSCs to "medicinal signaling cells" because of their role in secreting metabolites at sites
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of disease, injury, and inflammation. Further studies revealed that MSCs can release prostaglandin
E2 (PGE2), which is crucial for their self-renewal ability, immunomodulation, and initiation of a
cascade of events that highlight their stem cell properties. Consequently, the term "mesenchymal
stem cells" was found to be appropriate (Margiana et al., 2022). To meet MSC classification
criteria, these cells must exhibit expression of CD73, CD90 and CD105 markers, while lacking
the expression of CD14, D19, CD34, CD79a, CD45, CDIllb and HLA-DR molecules
(Kucharzewski et al., 2019). Although the conventional source of MSCs is the bone marrow, MSCs
or MSC-like cells can be isolated from almost any human tissue. MSC-like cells have been
identified in various tissues across different developmental stages including adipose tissue,
amniotic fluid, brain tissue, compact bone, dermal tissue, dental pulp, gingiva, fetal liver and lung
tissues, islets of Langerhans, placenta, skeletal muscle, synovium, umbilical cord tissue, peripheral

blood, among others (Fan et al., 2020).

Mesenchymal stem cells (MSCs) are being increasingly recognized as a promising therapeutic
solution for various injuries or diseases lacking effective treatments due to their ability to exert
reparative, regenerative, and immunomodulatory effects via paracrine signaling (Ahangar et al.,
2020; Huang et al., 2020). Consequently, extensive research involving animal models has been
conducted to explore the therapeutic efficacy of MSCs and their secretions (such as secretome,
extracellular vesicles, exosomes, etc.) for challenging wounds. As our understanding of repair
mechanisms grows, MSC-based therapy has progressed from preclinical animal studies to clinical

trials. (Huang et al., 2020).

2.3 Mesenchymal Stem Cell Secretome

The anti-inflammatory properties of Secretome are at least in part conducted via the soluble
immunoregulatory molecules. It is also known that the therapeutic efficacy of hUCESC-secretome
in promoting the healing of epithelial cells in a murine model of dry eyes after introducing alkaline
corneal epithelial ulcers. h(UCESC-secretome treated eyes restored epithelium in dry eye condition
after injury. Many research works have shown that the secretome contains growth factors that
promote cell proliferation and the regeneration of damaged organ tissues, particularly in the case
of the latter. In the last decade, many studies have confirmed the secretome's neuroprotective and
neurotrophic features. MSC secretome is reported to contain a number of neurotrophic factors, and

in several experimental studies the application of MSC has been shown to improve the prognosis


https://www.sciencedirect.com/topics/neuroscience/cd90
https://www.sciencedirect.com/topics/neuroscience/cd14
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in the models of nerve injury. Furthermore, several researches have been conducted which have
proved that the secretome of MSCs is highly effective in various steps of angiogenesis. For
example, it has been noted that different MSC populations have been found to induce proliferation

and migration of endothelial cells, promote tube formation, and prevent cell apoptosis in vitro.

2.4 Biomaterials

Biomaterials have the potential to deliver therapeutic molecules directly to the specific wound site.
Over the recent years, there an increase in the number of patients has been observed experiencing
challenges with healing and managing chronic wounds, burns, and ulcers which prove resistant to
conventional medical interventions. The advancements made in the field of biomaterials have
consistently addressed the challenges associated with the treatment of such complicated wounds

(Kaur et al., 2022).

2.4.1 Polymeric Biomaterials

Polymers have been widely utilized for the regenerative and engineering purposes of different
diseased or damaged tissues, such as of the muscles, bones, heart, brain, and skin. They offer a
remarkable adaptability in their ability to adjust the chemical and physical properties of their
surface. Properties of polymers, such as pore size, biodegradability, and mechanical

characteristics, can be exactly controlled, making them ideal for scaffold fabrication.

2.4.2 Ceramic Based Biomaterials

These are used in dental and orthopedic applications. For example, metals and their alloys do not
achieve the desired aesthetic quality, and porcelain-fused-to-metal lacks the overall transparency
needed for dental biomaterials. Furthermore, the insufficient mechanical strength of polymers may
render them unsuitable for skeletal regeneration applications. Numerous studies have employed

carbon, bioactive, and bioresorbable ceramics in various regenerative medicine applications.

2.4.3 Composite Biomaterials

A composite material consists of two or more materials combined in a heterogeneous arrangement
on a macroscopic scale. The advantage of using biomaterial composites lies in joining the best
properties of their individual components, reducing the disadvantages of using each component
alone, and often unveiling new properties not present in the individual components. Moreover,

designing composite systems offers flexibility, allowing the properties of the final product to be

8
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easily modified by adjusting the concentration and characteristics of the components. In the
biomaterials field, composites have emerged to enhance the mechanical properties of polymers
and ceramics (Rahmati et al., 2018). Hydrogels can be classified as composites when they are
combined with various components like particles, fibers, or nanocellulose to create materials with
unique, synergistic properties3. Composite hydrogels are often synthesized by incorporating
different polymers, monomers, and additives to generate materials with enhanced mechanical

properties and functionality compared to single-polymer hydrogels (Zhang et al., 2024).

2.5 Hydrogels

Hydrogels offer a wide range of design options concerning the type of molecules they consist of
and their functionalities. These functionalities include the simultaneous delivery of multiple drugs,
combined imaging and therapeutic capabilities, programmable and controlled release mechanisms,
accessing different microenvironments and nano environments (hydrophobic or hydrophilic), and
numerous other capabilities like ligand conjugation, integration with nanoparticles, drug
incorporation and more. These attributes collectively make hydrogels a versatile platform for drug

delivery, with some already utilized in clinical settings (Dreiss, 2020).

The capacity of hydrogels to encapsulate drugs helps in slowing or preventing their degradation
and aggregation, thereby prolonging their lifespan. Furthermore, hydrogels enable sustained drug
release, which can be regulated through diffusion from the matrix, or remotely triggered by

external or internal factors (Dreiss, 2020).

Hydrogels exhibit varied architectures, sizes, physical properties and functions influencing drug
encapsulation and release. They can be bulk/macroscopic for different delivery routes, microgels
(micrometers) for specific routes or nanogels (10-10 nm) for systemic or intracellular delivery.
Pore size affects deformability and cell diffusion, while mesh size (hundreds of nm) controls drug
release through diffusion, modifiable by matrix degradation, swelling, and interactions such as
covalent conjugation or physical bonds (hydrophobic, van der Waals, electrostatic, etc.) (Dreiss,

2020).

2.6 Hydrogel Composition

There are multiple methods for synthesizing hydrogels, broadly categorized into chemical

crosslinking and physical crosslinking. Chemical hydrogels are covalently crosslinked through

9


https://hal.science/hal-03041115/document

Chapter 2 Literature Review

processes such as by grafting, by using radical polymerization, carrying out enzymatic reactions,
gelation via heat, or radiation crosslinking. Additionally, introducing cations like Ca2+, Mg2+, or
Zn2+ to the hydrogel precursor can induce gelation through ionic bond formation with polymeric
anions like alginate, which holds groups with negative charges. Conversely, natural hydrogels are
primarily made by assembling themselves via mechanically forming crosslinks, which involves
alterations ionic crosslinking and other intermolecular interactions such as hydrophobic
interactions and the bonding of hydrogen. These processes are typically achieved by altering the
thermal conditions of the hydrogel precursor, either raising it to 37°C or lowering it to -20°C or -
80°C. Various parameters can be adjusted or controlled during the gelation process to achieve the
desired hydrogel structure. Additionally, a combination of crosslinking that can be done by either

chemical or physical aspects to form hydrogels.

2.6.1 Chitosan

Chitosan, derived from chitin, a natural biopolymer, is extensively used in the biomedical domain
due to its effective film-forming characteristics. Apart from its applications tissue regeneration,
chitosan demonstrates potential to be made a supplementary component in drug delivery systems
attributing to each property such as biodegradability, compatibility with biological systems,
enhancement of permeation, hemostatic properties, and abilities to combat bacteria and fungi.
Altering the amino and hydroxyl groups in chitosan can improve its properties and introduce
specific biological functions such as solubility, mucoadhesion, and bio-adhesivity. Various
methods can be employed to modify the chitosan structure to tailor its polysaccharide network for

specific purposes (Karakurt et al., 2021).

OH OH OH

O ®) 0
HO B
HO OHO JOHO OH
NH NH; NH.

- In

Figure 3 Chemical Structure of Chitosan
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2.6.2 Vanillin

The cross-linking technique is a common method that is applied to modifying the structure of
chitosan, creating a three-dimensional network and decreasing the mobility of the polymer chains.
This process has a significant influence on various properties such as hydrophilicity, swelling
behavior, degradation rate, stability, dispersibility, controlled release, drug targeting, and
mechanical characteristics. Conventional cross-linkers like glutaraldehyde, formaldehyde,
tripolyphosphate, and glyoxal are mostly used to achieve these features. On the contrary, the
possible negative outcomes and environmental impact of nanotechnology have restricted its use in
the pharmaceutical industry. Hence, there has been rising interest in the use of environment-
friendly and natural cross-linking agents such as polyphenols and aldehyde compounds which are

derived from plant extracts.(Karakurt et al., 2021).

O

HO
OCHs

Figure 4 Chemical Structure of Vanillin

Vanillin, extracted from vanilla seedpods (Vanilla planifolia), is widely employed for flavoring
and as a preservative agent in various industries. It serves as a significant bio-monomer with
properties which show its effect as an anti-tumor, in reducing inflammation, and playing its role
as an antioxidant. The aldehyde group in vanillin, qualifying it as a natural crosslinker, forms a
bond with the amino groups of chitosan, therefore known as Schiff-base, and the hydroxyl group
present in the crosslinker can engage with the amino or hydroxyl groups of another chitosan
molecule via hydrogen bonding. This hybrid network structure hinders drug molecule mobility in
the chitosan matrix, improving the stability, dispersivity, and control over the drug release in

localized delivery system (Karakurt et al., 2021).

11
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2.6.3 Poly-vinyl Alcohol

The inherent brittleness observed in many polysaccharide-based films such as chitosan restricts
their practical applications. To address this drawback, blending chitosan with a compatible and
non-immunogenic copolymer such as Poly-vinyl Alcohol (PVA) can prove can offer a solution.
The appropriate amount of PVA contributes in allowing flexibility in the chitosan matrix, and
permitting its elongation, eliminating the need for additional plasticizers that have been used

previously (Karakurt et al., 2021).

_ L~

HO |,

Figure 5 Chemical Structure of Polyvinyl Alcohol

The CS/PVA/Vanillin hydrogel and its preparation methods are simple, controllable, and cost-

effective, making it ideal for practical use in wound dressings (Xiong et al., 2022).

12
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METHODOLOGY

3.1 Materials

Mesenchymal stem cell secretome (eight 50ml falcon tubes) was acquired from National

University of Medical Sciences, Pakistan.

Table 1 List of Chemicals

S No. Chemicals Manufacturers
1.
Chitosan (high viscosity, >400 mPa.s) Macklin Chemicals
2.
Vanillin (4-Hydroxy-3-methoxybenzaldehyde) Sigma-Aldrich
3.
Polyvinyl Alcohol (+% hydrolyzed) Sigma-Aldrich
4.
Ethanol (100%) Sigma-Aldrich
5.
Phosphate Buffer Saline (PBS) Sigma-Aldrich
6. ‘ ‘
Acetic Acid (1% w/w) Sigma-Aldrich

13
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Table 2 List of Instruments utilized

S No. Instruments Manufacturers
1. . .
Scanning Electron Microscope (JSM-6490A) Jeol Ltd.
2. .
D-8 Advanced XRD instrument Bruker, Germany
3.
FTIR spectra-100 spectrometer Perkin-Elmer
Table 3 List of Software
S No. Software Manufacturers
1.
GraphPad Prism (version 9) GraphPad Software, Inc.
2.
OriginPro OriginLab

3.2 Preparation of Chitosan and PVA solution

Chitosan and PVA solutions were prepared using a modified version of the protocol conducted by
Xiong, Shuting (Xiong et al., 2022). Firstly, 1% (v/v) acetic acid solution was prepared by mixing
1 ml of acetic acid with 99ml of distilled water. 2¢g of fine powdered chitosan was added into 100ml
of 1% acetic solution to obtain a 2% (w/v) chitosan solution. A magnetic stir bar was put in the
solution before placing it on the magnetic stirrer. The solution was mixed at 350-400rpm for 8
hours until homogeneity was obtained. To make the co-polymer PVA solution, 100ml of distilled
water was heated up to 90 °C. Then 10g of PVA was added to the heated water and temperature
was brought down to 35-40 °C. This solution was then mixed on the magnetic stirrer for 3-4 hours

until PVA was properly dissolved.
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100ml Acetic Acid
Solution (1%)

10g PVA  water (100°C)
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8 hrs at 350-400rpm
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Figure 6 Preparation of Chitosan and PVA Solution

3.3 Synthesis of Chitosan/PVA/Vanillin Hydrogel

Methodology

Vanillin was used as a cross-linker for the polymeric hydrogel. The amount and ratio of cross-

linker solution was determined from the protocol described by (Amir et al., 2024). 0.3g of vanillin

was added into 4ml of 70% ethanol and the beaker was shaken gently for 1 minute to obtain a clear

solution. 10ml ofthe 2% chitosan solution previously prepared was added into the cross-linker and

placed on the magnetic stirrer for 3 hours before adding 10ml of PVA in it. The chitosan and PVA

are always added in 1:1 ratio. The PVA/Vanillin/Chitosan solution was again mixed on the

magnetic stirrer for 3-4 hours until a clear solution was obtained. The hydrogel was synthesized

by using the solution casting technique. 25ml of the final solution was poured into a Teflon plate

of 8.5cm diameter and the plate was placed inside the drying oven at 40 °C for two days. Once the

hydrogel dried, it was lifted off the plate using a scalpel and stored in a plastic bag at room

temperature.
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Figure 7 Synthesis of Chitosan/PVA/Vanillin Hydrogel

3.4 Synthesis of Secretome-Infused Hydrogel

To infuse MSC secretome into the Cs/PVA/V hydrogel, the previously described protocol was
slightly modified. Secretome was added and mixed with CS + V solution before adding the PVA
to maintain its viability and minimize exposure to environmental factors (Jammes et al., 2023).
The secretome was added to CS + V solution in the ratio of 1:10 and mixed for 1-2 hours on the
magnetic stirrer. Then, PVA was added to this solution and mixed for another 3 hours. Throughout
the mixing, the temperature on the stirrer was kept 4 °C to protect secretome from temperature
fluctuations. After mixing, the solution was poured into a Teflon plate and placed in the drying
oven at 37 °C for two days. The dried secretome-infused hydrogel was lifted from the plate and
stored at 4 °C in the refrigerator.
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Figure 8 Synthesis of Secretome-Infused Hydrogel

3.5 Scanning Electron Microscopy

To assess the surface morphological characteristics of simple and infused hydrogel, samples were
subject to Scanning Electron Microscopy (SEM) analysis. SEM provides high-resolution imaging
of the surface structure of materials with detailed information on their topography, porosity, and
morphology (Pourjavadi et al., 2017). The samples were prepared by drying them completely to
the point there is no moisture left as moisture can interfere with the instrumental analysis. SEM
analysis was carried out on JSM-6490A analytical scanning electron microscope present in the
SEM lab at School of Chemical and Materials Engineering (SCME), NUST. Both the samples

were coated with gold as a conductive material to enhance image quality.

3.6 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique used to determine the crystalline structure,
phase composition and molecular arrangement of materials in a non-destructive manner. To
investigate the crystallinity, degree of polymer interaction and incorporation of bioactive
components within the hydrogel matrix, the samples were subjected to XRD analysis. The analysis

was carried out using D8-Advanced XRD instrument (Bruker, Germany) present in advanced
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energy and materials lab at U.S.-Pakistan Center for Advanced Studies in Energy (USPCASE),
NUST. The samples were completely dried before sending for analysis and secretome infused
hydrogel was transported in an ice box to maintain its temperature. The XRD patterns were

obtained using a current of 40mA, acceleration voltage of 40kV and scan speed of 0.5s.

3.7 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is an analytical technique used to identify and
characterize chemical bonds and functional groups in compounds. It gives distinct peaks at specific
wavenumber range for specific functional groups (Ortega-Sanchez et al., 2024). The dried samples
were sent to FTIR instrument present in the advanced energy and materials lab at U.S.-Pakistan
Center for Advanced Studies in Energy (USPCASE), NUST. The FTIR spectra was obtained in
the range of 400-4000 cm™ and transmittance ranges of 20-110 a.u. This analysis was used to
compare the changes in the specific functional group peaks of chitosan and PVA after the

incorporation of secretome’s bioactive compounds into the hydrogel matrix.

3.8 Water Uptake Analysis

Water uptake analysis is a crucial characterization experiment used to check hydrogel’s
hydrophilicity and swelling behavior. The experiment was carried out by cutting non-infused and
secretome-infused hydrogels into uniform Icm x lcm sample sizes and calculating their dry
weights. Then, the samples were submerged in phosphate buffer saline (PBS) and the pH of
solutions was measured. Then regular time intervals were established, and after each interval each
of the submerged sample was weighed again. The swelling ratio was calculated using the equation

described below (Umer Shahzad et al., 2023):

W — Wy
Water Uptake % = ——— x 100
Wa
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RESULTS

4.1 Scanning Electron Microscopy Analysis

The surface morphology and structure analysis of the developed PVA/CS/V hydrogel, and a variant
infused with MSC secretome were investigated using scanning electron microscopy (SEM).
Images of the fabricated hydrogels are presented in the figures below. Figure 9 shows a membrane
surface that is compact yet slightly porous which is similar to native tissues when magnified to
2,500 and 10,000 times, indicating strong biocompatibility. This outcome is attributed to polymer
blending, which addresses the drawbacks of single-material hydrogels. Overall, it can be observed
that the PVA/CS/V hydrogel surface appears rough. However, figure 10 shows the SEM analysis
of the PVA/CS/V hydrogel loaded with secretome shows a smooth and uniform surface without
any visible pores or cracks, also magnified 2,500 and 10,000 times. This indicates a homogeneous
distribution of the chitosan, PVA, vanillin and secretome components in the hydrogel matrix and
this outcome is desirable for wound dressing applications as it provides a suitable environment for
wound healing without causing any irritation. It appears that there is still some distortion present
in the morphology, likely due to the absence of nanoparticles that would have contributed to a
smoother and more uniform structure. This observation aligns with the findings of Shoma Suresh

et al. 2020 and Amir Niazi et al. 2024.

20kV  X2,500 10pm 20KV X10,000 1p—m 20kV X200 100pm

Figure 9 SEM images depicting the surface morphologies of Chitosan/PVA/Vanillin Hydrogel (from L-R) a) At 2500X
Magnification b) At 10,000X c) Cross Sectional View
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Figure 10 SEM images depicting the surface morphologies of Secretome-infused Hydrogel (from L-R) a) At 2500X Magnification
b) At 10,000X c) Cross Sectional View

4.2 XRD Analysis

XRD analysis provides detailed insight into specific crystal structures, orientation and symmetry
of crystal planes in materials. It is integral in the quality check of hydrogels as it facilitates
identification of purity and structural integrity of individual components used in the hydrogel by
providing sharp intensity peaks at corresponding angles. The XRD patterns depictive of chitosan
and PVA were obtained as shown in Fig. 11 The sharp diffraction peak observed at 20 = 20° is
characteristic of (110) diffraction plane of chitosan. The sharpness and intensity of this peak
showed that chitosan retained its crystalline structure and chemical properties, suggesting a degree
of order in the hydrogel matrix. The small shoulder at 20 = 13.5° is attributed to (101) diffraction
plane of chitosan, this suggested a minor crystalline phase of chitosan in the hydrogel. The
presence of both of these peaks collectively indicated a high degree of crystallinity in the matrix

(Altinisik & Yurdakoc, 2013). The peak at 26 = 40° is attributed to the (200) diffraction

plane of PVA, showing that PVA was contributing to the overall crystallinity of the chitosan/PVA
hydrogel network. These results were in agreement with the findings of Chen and Jiao (Chen et
al., 2018) and confirmed the successful fabrication of CS/PVA/V hydrogel that had retained its

chemical structure without any major crystallinity loss.
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Figure 11 XRD Patterns of Cs/PVA Hydrogel

The XRD patterns of secretome-infused hydrogel were significantly different than the pure, non-
infused hydrogel, as shown in figure 12. The distortion of the characteristic 20 = 20° peak of
chitosan indicated that the infusion of secretome in the hydrogel causes a significant change in the
overall chemical structure and crystallinity. The peak at 20 = 14° was not depictive of either of
chitosan or PVA, and suggested the incorporation of secretome proteins. The small peak at 20 =
40° of PVA was observed in this graph as well. These findings collectively confirmed the
incorporation of secretome in the hydrogel and also suggested that the infusion causes distortion
in the overall crystalline structure of the hydrogel matrix, but only to a reasonable extent, while

retaining its integrity.
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Figure 12 XRD Patterns of Secretome-infused Hydrogel

4.3 FTIR Spectroscopic Analysis

FTIR spectroscopy is an analytical technique used to identify the chemical structure of materials
and provide characteristic peaks for functional groups present in the compounds. The FTIR spectra
of non-infused and infused hydrogel are shown in figures 13 and 14 respectively. In figure 13, the
first sharp peak at 3400 cm™ is of hydroxyl group (OH stretching vibration). The second smaller
peak at 2800 cm! is characteristic of CH stretching vibration. Both these peaks were indicative of
the presence of chitosan and PVA in the hydrogel, as they both have CH- and OH groups in their
chemical structure. In accordance to existing literature, the sharpness of these peaks indicate
structural integrity and stability of the hydrogel. The peak at 1100 cm™, indicating CO- stretching
vibration, suggested the presence of ether linkages, which are integral for crosslinking. Smaller
peaks in the 1200-1300 cm™ range correspond to C-O and C-N stretching vibrations which further
solidified the presence and structural integrity of chitosan, PVA and vanillin. The stark difference
observed in the secretome infused hydrogel was the change in the hydroxyl group peak at 3400
cm’!. The peak lost its sharpness, which indicated that secretome components have interacted with
the OH groups of chitosan and PVA, forming bonds which disrupted the original crystallinity

structure. Multiple peaks in the 1400-1600 cm™ range are indicative of C=0 stretching vibration
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of amide groups present in chitosan and secretome components. These findings confirmed the
successful infusion of secretome in the hydrogel matrix as well as the biocompatibility of

individual components of the infused hydrogel with each other.
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Figure 13 FTIR Spectra of Cs/PVA Hydrogel
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Figure 14 FTIR Spectra of Secretome-infused Hydrogel
4.4 Water Uptake Analysis

Water uptake analysis is an important factor that impacts the infiltration, mechanical
characteristics, and adhesion of cells in hydrogel membranes. Chitosan, with its positively charged
chains, forms an extensive hydrated layer that efficiently absorbs water molecules in humid
conditions. To analyze the water uptake of our non-infused and infused hydrogels, they were
submerged in PBS, for a set duration, and their respective weights were measured after specific
intervals. Chitosan with its positively charged chains, forms an extensive hydration layer that
efficiently absorbs water in humid conditions. To analyze the water uptake of our non-infused and
infused hydrogels, they were submerged in PBS, for a set duration, and their weights were

measured after specific intervals.

Figure 15 represents the water uptake analysis of our non-infused (H) and secretome-infused (SH)
hydrogels at various time intervals. The results show an overall drastic increase in weights of both
hydrogels with increasing time. The absorption ratios substantially surged in the initial intervals
as can be seen in the graph and the increase in weight gradually slowed down towards the later
intervals. The SH although swelled significantly, but their overall water uptake ratio was much

lower than the H. This finding showed that secretome had been successfully infused in the
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hydrogel. The secretome bio-components, when interacting with hydrogel matrix, take up more

space and inhabit the pores that otherwise absorbed water more efficiently.
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Figure 15 Water Uptake Analysis at periodic time intervals
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DISCUSSION

This study was aimed to develop an optimized protocol for the fabrication of
chitosan/PVA/Vanillin hydrogel and infusion of MSC secretome in the fabricated hydrogel. This
study further sought to characterize the developed secretome-infused hydrogels for their potential

in regenerative biomedical applications.

Mesenchymal stem cells have been extensively used for their therapeutic potential but their
difficulty in isolation, expansion and culture maintenance limits their ease of use, establishing a
need for cell-free therapies. The secretome of MSCs is a compelling alternative, offering distinct
advantages over conventional MSC-based therapies. It can be readily obtained from conditioned
media or exosome-rich fractions, circumventing the logistical complexities associated with cell
harvesting and expansion (Phinney & Pittenger, 2017). Moreover, the MSC secretome exhibits
remarkable stability and shelf-life, rendering it amenable to storage and transportation, thereby

facilitating its widespread clinical deployment.

The inherent properties of the MSC secretome confer several therapeutic advantages. the
secretome contains a diverse repertoire of bioactive factors, including growth factors, cytokines,
and extracellular vesicles, which collectively carry out tissue repair and regeneration (Monsel et
al., 2015). The immunomodulatory effects of secretome attenuate inflammatory responses and
foster a regenerative microenvironment conducive to tissue healing, with little to no
immunogenicity (Golchin et al., 2020). However, secretome cannot be used as it is and needs a

delivery system for its sustained and localized release profile.

Hydrogels are three-dimensional, hydrophilic polymer networks capable of absorbing and
retaining large amounts of water while maintaining their structural integrity. They serve as suitable
drug delivery systems owing to their biocompatibility and tunable porosity. The hydrogel
composition used for this study was chosen according to the biodegradability, cytotoxicity,
biocompatibility and mechanical properties of the individual constituents. Chitosan, as a natural
polymer, provides optimal conditions for cellular proliferation and differentiation, complemented
by Polyvinyl Alcohol (PVA) which reinforces structural integrity (Firzanah Hisham et al., 2023).
Vanillin is an effective cross-linker with low cytotoxicity that ensures stability of the hydrogel

components (Bezerra et al., 2016).
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Existing literature suggested the healing properties of secretome as well as its potential to be
compatible with biomaterials. Based on that, we hypothesized that successful incorporation of
secretome into CS/PVA/V hydrogel can increase the collective biocompatibility and

synergistically enhance their respective healing and immunomodulatory properties.

The development and optimization of protocols for both the Chitosan/PVA/Vanillin (CS/PVA/V)
hydrogel and its secretome-infused counterpart involved a systematic exploration of various
parameters. The published protocols for similar experiments were thoroughly studied to help
develop the most effective protocol. This involved adjustments in component concentrations,
drying times, temperatures, and ratios to achieve the desired structural integrity, mechanical
properties, and secretome viability. Each step, from polymer dissolution to crosslinking and
incorporation of the MSC secretome, was methodically refined to ensure reproducibility and

efficacy in facilitating therapeutic delivery.

The successful fabrication of control as well as infused hydrogels was checked through
characterization techniques such as SEM, XRD and FTIR. Each of the analysis provided valubale
insight, confirming the objectives of this study. SEM analysis revealed a porous and interconnected
structure in both control and infused hydrogels. The incorporation of the MSC secretome did not
induce substantial alterations in surface morphology, suggesting the preservation of the hydrogel's

architecture.

XRD analysis provided characteristic peaks associated with the crystalline structures of chitosan
(110) and PVA (200) within the hydrogel matrix. Notably secretome slightly altered the crystalline
structure, indicating successful integration of the secretome into the hydrogel matrix. FTIR
analysis identified the presence of functional groups linked to chitosan, PVA, and vanillin within
the hydrogels such as OH-, CH-, COC and more. Introduction of the MSC secretome led to the
emergence of new peaks associated with secretome biomolecules, affirming successful integration

into the hydrogel matrix.

Overall, the results of this study confirmed the successful fabrication of both control and MSC
secretome-infused hydrogels through comprehensive characterization techniques including SEM,
XRD, and FTIR analysis. These findings fulfill the identified need for an effective delivery system

for MSC secretome, addressing the limitations of cell-based therapies.
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CONCLUSION

The development and characterization of the Chitosan/PVA hydrogel, followed by the infusion of
MSC secretome, has been successfully demonstrated, showcasing a novel approach in biomaterial
design. XRD, FTIR, and SEM analysis revealed that the components of mesenchymal stem cell

secretome are compatible with chitosan and PVA.
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FUTURE PROSPECTS

The future prospects for this research can be accomplished in several critical areas of investigation.
Antibacterial testing of both non-infused and secretome-infused hydrogels can be performed to
assess their capacity to prevent bacterial growth. In vitro cytotoxicity and cell viability assays can
be carried out on skin fibroblasts and other cell lines to guarantee the biocompatibility and safety
of the hydrogels. Additionally, the composition of the secretome and the characterization of its
components can be executed to identify the precise factors that are responsible for the therapeutic
effects. Lastly, in vivo studies can be conducted using mice models to assess the wound healing
abilities of the secretome-infused hydrogels, thus providing a full spectrum of the clinical

applications of the hydrogels.
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