Materials Research. 2026; 29: ¢20250386
DOT: https://doi.org/10.1590/1980-5373-MR-2025-0386

Chitosan/Collagen Scaffolds Containing Folic Acid: B-Cyclodextrin with Potential Application
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Folic acid is associated with the growth and development of the nervous system, playing a crucial
role in the therapy and differentiation of neural stem cells and the hematopoietic system. In this study,
we prepared scaffolds from the biopolymers chitosan and collagen and added the micronutrient folic
acid (FA), also known as vitamin B9. We synthesized a scaffold with FA in f-cyclodextrin to prolong
the time required for its release. This increased the interaction between the polymeric matrix and
Neuro 2A cells. Morphological, chemical and thermal characteristics, cell solutions and adhesion
were verified. Cytocompatibility testing on Neuro 2A cells showed that none of the FA-containing
scaffolds was harmful to the cells. In fact, FA combined with B-cyclodextrin made the cells more viable
and helped them adhere to each other, which made them grow faster. For this reason, scaffolds have
potential for use in neuronal tissue engineering as provisional supports for the growth, specialization,

and differentiation of neuronal cells.
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1. Introduction

The regeneration of nerve tissue has been the subject
of research by several scientists since injury affects an
individual’s quality of life. Neural tissue engineering searches
for strategies to eliminate fibrosis and inflammation after
implanting materials capable of serving as a scaffold for cell
growth. For neural development, scaffolds need to provide a
biomimetic environment and keep their structural integrity
and stability while they are being used or implanted'?.

In neural tissue engineering, an ideal scaffold must have
the following characteristics:

(a) allow neuronal survival, proliferation, and migration;

(b) favor cellular electrochemical communication;

(c) absence of toxicity;

(d) possess mechanical properties similar to those of
the brain; and
the ability to release substances in a controlled
manner.
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An ideal scaffold for use in tissue engineering must have
characteristics that mimic the physiological environment.
We used the biomaterials chitosan and collagen, along
with folic acid and -cyclodextrin, to optimize the scaffolds’
structure. Collagen and chitosan are natural polymers that
have properties extremely similar to those of living tissues.
For the design of scaffolds that offer mechanical support
for the growth of neurons, natural hydrogels are the most
studied materials°.

Natural biomaterials have unique microstructures,
physiological properties, and a great diversity of constituents®.

The presence of -NH, groups in its chemical structure,
when protonated, forms a positively charged chain that
promotes cell adhesion and proliferation, making chitosan
a widely used biomaterial in tissue engineering’. Chitosan
serves as a vital component in neuronal tissue engineering
materials and has several characteristics that make it an ideal
choice in the field of nerve regeneration®.

Collagen has low mechanical strength, making it
necessary to establish cross-links in the material using
cross-linking reagents such as glutaraldehyde, diisocyanate,
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and carbodiimide or by producing composites, such as with
chitosan. Electrostatic interactions between the amino groups
of chitosan and the carboxyl groups of collagen establish
the composite between chitosan and collagen, stabilizing the
material’s structure and producing a matrix with mechanical
properties suitable for scaffolding’.

Type I, IX, and XVIII collagens are involved in the
development of the Central Nervous System (CNS), playing
important roles in neural circuit formation, axon guidance,
neuronal maturation, and synaptogenesis'*-'°.

Folic acid is an essential vitamin for the proper functioning
of the human body. Biologically active as tetrahydrofolic acid,
folic acid, also known as vitamin B9, forms the myelin sheath
in nerve fibers and participates in amino acid metabolism
and various biochemical processes such as protein synthesis
and nucleic acid synthesis'*"'>.

Folic acid (FA) is a multifunctional active substance that
has been studied as safe when combined with other chemicals'®.
Researchers in the fields of biomedicine, bioengineering, and
regenerative therapies have been paying close attention to
this vitamin due to its non-immunogenicity, ability to assist
in tissue regeneration and repair, and high stability'*!”. FA is
linked to the development and growth of the nervous system;
it is very important for the hematopoietic system and the
proliferation and differentiation of neural stem cells'®*".

Cyclodextrins are macrocyclic short-chain oligosaccharides
produced from modified starch. There are three types of
cyclodextrins, depending on the number of D-glucopyranose
units: 6 units (o), 7 units (B), and 8 units (y). It is highly
bioavailable, non-toxic, and easily modified’'*’. When
cyclodextrins are attached to drugs or form inclusion
complexes, they can act as multifunctional transporters®.
In this study, B-cyclodextrin was used due to its structural
characteristics and its excellent clathrate-forming capacity.

One of the most important requirements for the construction
of scaffolds at the cellular level is that they be biocompatible
and safe in order to be a functional biological structure,
allowing cell attachment, migration, and proliferation. It
must not be immunogenic or fibrogenic at the tissue level for
the body to accept it**. Neural tissue engineering scaffolds
must mimic the extracellular matrix’s natural topography~.

The selection of a suitable crosslinking agent is crucial
to obtain scaffolds with improved properties”**’. Therefore,
we can carry out chemical crosslinking using crosslinking
agents of natural or synthetic origin to form covalent bonds.
We used 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) because it is a man-made cross-linking agent that can
make stable connections with biomaterials. The chemical
structure of EDC includes a functional group with the
formula RN=C=NR, capable of forming covalent bonds
between proteins through the formation of “zero length”
amide bonds between the carboxylic and amino groups.
Carbodiimide compounds are non-toxic and biocompatible**.
The main goal of this preliminary study was to show that
it was possible to add folic acid to chitosan and collagen
scaffolds in order to find out what effects the polymeric
matrix had on Neuro 2A nerve cells. We cross-linked the
scaffolds with carbodiimide to assess their physical-chemical
characteristics, controlled release profile, cell viability, and
adhesion. We hypothesized that encapsulating folic acid in
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cyclodextrin would be an effective alternative method to
improve the scaffold’s properties in the interaction with
Neuro 2 A cells. This method would act on the survival,
fixation, proliferation, differentiation, and migration of the
cells by gradually releasing vitamin B9 into the medium. We
developed the scaffolds to serve as temporary matrices in
tissue engineering, fostering a favorable microenvironment
for cell differentiation and growth. Chemical and physical
tests were used to describe the new materials, as well as
tests to see how well they worked with rat brain fibroblast
and neuroblast cell lines (Neuro-2A).

2. Materials and Methods

2.1. Materials

The materials used for the synthesis were: Vetec glacial
acetic acid, Sigma Aldrich low molecular weight chitosan
powder deacetylation > 75% (50-190KDa), Fagron Type
I hydrolyzed collagen, 99.3% absolute ethyl alcohol -
Quimica Moderna, 95% ethyl alcohol Quimica Moderna,
1-ethyl-3,3-dimethylaminopropylcarbodiimide hydrochloride
Sigma-Aldrich, INFINITY folic acid, Vetec acetone, 37%
hydrochloric acid PA Fmaia, P. A Nuclear, Neon sodium
bicarbonate, Neon P.A sodium chloride, Vetec anhydrous
calcium chloride, Vetec P.A dibasic anhydrous potassium
phosphate, Synth Tris-(hydroxymethyl aminomethane), Neon
P.A/ACS anhydrous sodium sulfate, and Synth magnesium
chloride hexahydrate.

The aqueous solutions were prepared with Milli Q water
(Millipore, USA), and the simulated body fluid (SBF) was
prepared at the time of use.

Neuro-2A cells (neuroblasts with neuronal morphology
derived from mouse brains from the Rio de Janeiro Cell Bank
(BCRJ)) were used for cell culture tests. The medium used
for cell culture, both during maintenance and in experiments,
was DMEM (Sigma) supplemented with 10% fetal bovine
serum, 100 pg/mL streptomycin, 100 U/mL penicillin, and
2 mM L-glutamine, all from Gibco.

2.2 Preparation of the scaffolds

Preparation of chitosan solution: 2 g of chitosan were
added to 98 mL of deionized water and 2 mL of acetic acid
(98%). The mixture was kept under magnetic stirring at
room temperature for 30 minutes.

Preparation of type I hydrolyzed collagen solution: 2 g
of collagen were added to 100 mL of deionized water at
room temperature, under magnetic stirring for 10 minutes.

Preparation of scaffolds: the chitosan (2% w/v) and
collagen (2% w/v) solutions were mixed in a volumetric
ratio of 70/30 (chitosan/collagen). Folic acid masses were
added to this mixture under stirring for 30 minutes, in aliquots
according to Table 1 below.

In scaffold QCFACD, we incorporated 20 mg of
cyclodextrin into a solution containing 10 mg of folic
acid in water at room temperature. We mixed the CD and
folic acid in a stoichiometric ratio of 2:1, respectively. We
accurately weighed the folic acid, dissolved it in ultrapure
water, and dissolved the CD in water using a water bath.
Then, we slowly added the folic acid solution to the CD.
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Table 1. Composition of the scaffolds.

Composition

Scaffolds Identification - —
Chitosan (mL) Collagen (mL) Folic acid (mg)

QCP Q:C Pure 70 30 -

QCFA10 Q:C FA 10 mg 70 30 10

QCFACD Q:C FA 10 mg (B- cyclodextrin) 70 30 10

QCFA20 Q:C FA 20 mg 70 30 20

Add the obtained solution to the 70:30 chitosan-collagen
mixture. We froze the solutions at -20°C for 48 hours. After
this period, they were freeze-dried using a Savant Mdulyo
D-Freeze Dryer, Thermo Electron Corp., for drying the
scaffolds at -46 °C and 1.1 mBar for 3 days.

Chemical crosslinking was carried out using the methodology
adapted from Kim et al.”’. After being removed from the freeze
dryer, the samples were placed in a desiccator to come to room
temperature and cross-linked. For the crosslinking process,
1% (w/v) of the scaffolds were used for every 0.7% (w/v) of
the crosslinking solution of 1 ethyl, 3,3 dimethylaminopropyl
carbodiimide hydrochloride diluted in a solution of Acetone:
Water (8:2) (v/v) for 24 hours at a temperature of 4°C.

After the cross-linking period, we fully submerged the
scaffolds in absolute ethanol for 1 hour, then 70% (v/v)
ethanol for 1 hour. We then rinsed them with ultrapure water
(v/v) for 30 minutes and finally lyophilized them. (Adapted
from Madihally and Matthew’").

2.3. Physical and chemical characterization

2.3.1. Microstructural analysis by scanning electron
microscopy (SEM)

We fixed the freeze-dried scaffolds in a sample holder
with double-sided carbon tape and coated them with gold.
Using a JEOL It-300 scanning electron microscope, this
process magnifies the sample numerous times, enabling
visualization of the material’s structure and verification of
its chemical elements.

2.3.2. Fourier transform infrared (FT-IR) absorption
spectroscopy

The scaffolding was characterized by means of spectroscopic
analysis in the infrared region (Fourier transform infrared
spectroscopy, FTIR) using a Perkin Elmer Spectrum GX
spectrophotometer. We obtained the spectra from KBr
pellets in the 4000 to 400 cm-1 regions, using 30 scans and
1 cm™ resolution to identify the characteristic bonds of the
scaffolding compositions. We then generated the data using
the OriginPro 7.0 program.

2.3.3. Thermogravimetric Analysis (TGA)

The thermal behavior of the scaffolds was studied using
thermogravimetric analysis (TGA). The TGA analysis was
carried out using a TA Instrument thermal analyzer (model SDT
Q600) in a nitrogen atmosphere at a flow rate of 100 mL/min.
To assess the loss of mass, the samples were weighed out
at around 3 mg in an alumina crucible. The samples were
heated at a rate of 10°C per minute up to 750°C. The data
obtained was analyzed using OriginPro 7.0.

2.3.4. Porosity and apparent density

We used absolute ethanol as the solvent to determine the
porosity and bulk density of the scaffolding, as it does not
solubilize the samples and facilitates easy pore penetration.
For the analyses, we added a known mass of scaffold (mi)
to a beaker containing a known volume of ethanol (v1) and
allowed it to stand until the solvent completely immersed
the scaffold. We recorded the volume of ethanol remaining
in the beaker (v2). After this time, the scaffold is removed
from the ethanol and weighed to record its mass impregnated
with the liquid (mf). With the values of mi, mf, v1, and v2, its
apparent density can be calculated according to Equation 1°°.

mi1
P= (Vl - v2) M

The pore volume (Vp) is given by Equation 2, and the

density of ethanol is p = 0.789 g.cm™.

mf —mi
wp = (mf ~mi) @
p ethanol
Porosity (¢) is calculated using Equation 3, described
below:

__w
&= (Vl - v2) )

2.3.5. Mass absorbency

Mass absorbability (Am) was determined by hydrostatic
weighing. A Mettler Toledo XS 104 balance was used. In the
first step, the dry scaffolds were weighed (m1). The scaffolds
were then soaked in ethanol under reduced pressure. In the
subsequent step, the previously moistened structures were
removed from the reference liquid, transferred to filter
paper to remove excess moisture, and then weighed (m,).
The mass absorbability values were determined according
to the following formula:

-ml
Am:m3 m

.100% “4)
ml

Each sample was tested in triplicate and the mean and
standard deviation were determined.

2.3.6. Swelling test

The swelling behavior of the scaffolds was carried out
using the Swelling Test based on the methodologies of
Malik et al.** and Ren et al.**. For the test, samples of the
freeze-dried scaffolds were weighed in triplicate and placed
in a PBS pH 7.4 buffer solution at 37°C under agitation at
60 rpm. The experimental times occurred at 10 min, 1 hour,
3 hours and 24 hours, the scaffolds were removed from the
PBS, placed on filter paper for 1 second and then weighed.
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The swelling ratio was calculated using the following
formula:

(final mass — initial mass )

Swelling ratio (%) = x100 %)

(initial mass )

To measure the pH of the scaffold, the methodology was
adapted from Lu et al.”*. We carried out the pH measurements
by immersing a sample of each scaffold in 10 mL of artificial
body fluid (ABF) and keeping it at intervals of 37 °C. We
conducted the test at the following time intervals: 10, 30,
60, and 120 minutes, as well as every 24 hours for 4 days,
using a pH meter (MS TECNOPON, mPA-210, Brazil). Every
day, we replaced the FCA after each pH measurement. We
conducted the tests in triplicate and expressed the values as

the average of the measurements for each sample.

2.3.7. Folic acid release

For the folic acid release test, samples of the scaffolds
were weighed in triplicate and placed in a 2 mL solution of
PBS buffer pH 7.4 at 37 °C under agitation at 55 rpm. The
experimental times were 30 min, 1, 3,5, 7, up to 115 hours,
after which the volume was removed and centrifuged for 30
minutes at 3000 rpm. We removed the supernatant and took
absorbance readings at a wavelength of 282 nm. We used a
UV-visible spectrophotometer (Thermo Scientific Multiscan
Spectrum®) for molecular absorption. We changed the PBS
medium after each experiment.

We created a calibration curve with known folic acid
concentrations, using the PBS pH 7.4 solution as a blank.

2.3.8. Preparation and sterilization of samples

To study the behavior of scaffolds, in vitro cytotoxicity,
growth, adhesion, and cell proliferation tests, the scaffolds
were prepared under sterile conditions in a laminar flow. In
all tests, the scaffolds were previously exposed to ultraviolet
(UV) light radiation (254 nm Light Electronics) for 1 hour, at
a distance of 10 cm from the radiation source on both sides.
For the preparation of the precursor solutions, ultrapure water
from the sterile Milli-Q® System was used to obtain the
proposed formulations. The sterile scaffolds were subjected
to in vitro tests as prepared.

2.4. Cytotoxicity tests, adhesion cellular morphology,
and proliferation

Neuro-2a rat brain neuroblast cell lines were used to test
the cell culture medium that was exposed to the scaffold for
any possible cytotoxicity. DMEM (Sigma) supplemented
with 10% fetal bovine serum, 100 g/mL streptomycin, and
100 U/mL penicillin served as the medium for cell culture,
both during maintenance and in the experiments. We added
2 mM L-glutamine specifically for cultures and experiments
with Neuro-2A cells. The cultures were maintained in a cell
incubator at 37°C and in an atmosphere with 5% CO,. We
submerged each scaffold sample (100 mg) in 10 mL of sterile
supplemented DMEM medium and incubated it at 37 °C under
orbital rotation at 25 rpm for 72 hours. Following this period,
we separated the medium from the hydrogel in aliquots for
use in the experiments. We distributed the cells in 96-well
plates, with 1 x 10* cells per well. A After the incubation
period, the plates were washed twice with sterile PBS solution.
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The medium was then changed to DMEM low glucose
without phenol red, and 10 pl of MTT reagent dissolved in
PBS at a concentration of 5 mg/mL was added. The plates
were protected from light due to the photosensitivity of MTT.
After 4 hours of incubation at 37 °C, 5% CO,, to form blue
formazan crystals, 50 pl of sodium dodecyl sulfate (SDS)
detergent solution was added. The absorbance was read at
570 nm in a spectrophotometer (Epoch, BioTek Instruments),
and cell viability was represented as a percentage relative
to the control. The graphs were generated using GraphPad
Prism 6.0 software. The experiments were performed
according to Mosmann®® and based on the guidelines of
ISO 10993-5* and ECVAM protocol no. 17%. According to
ISO 10993-57 and related protocols, a sample is considered
cytotoxic when it shows a reduction in cell viability greater
than 30%. Consequently, to be classified as non-cytotoxic,
the sample must result in a reduction in viability equal to
or less than 30%.

We calculated cytotoxicity using the following formula:
( Sample absorbance)

Cytotoxicity (%) = x100 (6)

(control group)

The adhesion and cellular morphology of fibroblasts
(mouse embryonic fibroblasts, MEF) C57BL/6, spontaneously
immortalized in culture” and Neuro 2A cells were also
examined. For this purpose, the cells were cultured in
DMEM-high glucose growth, supplemented with 10% v/v
fetal bovine serum and 1% v/v penicillin/streptomycin.

The scaffolds were sectioned using a scalpel to a thickness
of 0.3 to 0.5 mm for 3D culture, subsequently placed in
24-well plates (16 mm diameter), and sterilized under UV
radiation for 30 minutes. They were subsequently coated
with fibronectin for 2 hours. Subsequently, 1x10° cells were
seeded onto each scaffold using a low volume of 150 pL
to facilitate cell adhesion to the biomaterial rather than the
plate bottom. After three hours, the well reached a volume
of 500 pL. The culture medium was changed bi-daily. In
adhesion assays, cells were seeded onto the scaffolds, and
after 24 hours, supernatants were collected and transferred
to a new tube. The well was thoroughly rinsed with PBS,
which was subsequently added to the tube containing the
supernatant to maximize cell recovery. Tubes containing
well supernatant and PBS from each individual well were
centrifuged at 400 g for 7 minutes, and each pellet was
resuspended in 50 pL of fresh culture medium. Cell counts
were performed utilizing a Neubauer chamber.

Adhesion efficiency =

(Cells initially seeded — cells in supematam)

7
(Cells initially seeded) ()

Fluorescent staining was utilized to evaluate cell morphology
by visualizing the actin cytoskeleton. To achieve this, the
scaffolds or coverslips with the cells were washed twice with
PBS and subsequently fixed with 4% paraformaldehyde at
room temperature for 20 minutes. The samples were washed
with PBS, permeabilized using 0.5% Triton-X100 for 15
minutes at room temperature, subsequently washed again
with PBS, and incubated with Alexa Fluor 546 Phalloidin
(Thermo) at a dilution of 1:400 in PBS for 30 minutes at
room temperature. The cells were subsequently washed with
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PBS, and the cell nuclei were stained with 4°,6’-diamino-2-
phenyl-indole (DAPI) at a dilution of 1:1,000 in PBS for 1
minute at room temperature. The samples on the scaffolds
were initially positioned on coverslips prior to mounting and
visualization using a Zeiss LSM 880 confocal microscope
at the Center for Image Acquisition and Processing (CAPI)
of ICB-UFMG. Three-dimensional videos were obtained
utilizing the z-stack configuration.

The proliferation test was conducted following the
methodology adapted from Xiao et al.*’. This experiment
utilized mouse fibroblast cells (L929) and Neuro 2A cells
were also examined. The specimens, measuring 10 mm in
diameter and 2 mm in height, underwent disinfection using
ultraviolet radiation for a duration of 1 hour. Subsequently,
each sample was individually positioned in the wells of
24-well culture plates, in quadruplicate. To each sample,
400 uL of DMEM low glucose culture medium, supplemented
with 20% fetal bovine serum and antibiotics (0.1 mg/mL
streptomycin and 100 U/mL penicillin), was added. The
plates underwent incubation at 37°C with 5% CO, for a
duration of 2 hours. Subsequently, the medium was removed,
and 200 pL of fresh medium was added to each well. The
plates were then incubated for 24, 48, and 72 hours at 5%
CO,. Following the incubation period, the plates underwent
two washes with sterile PBS solution. The medium was then
replaced with DMEM low glucose, devoid of phenol red,
to which 10 pl of MTT reagent, at a concentration of 5 mg/
mL, dissolved in PBS, was added. The plates were shielded
from light because of the photosensitivity of MTT.

Following a 4-hour incubation at 37 °C in 5% CO, to
facilitate the formation of blue formazan crystals, 50 pl
of sodium dodecyl sulfate (SDS) detergent solution was
introduced. Following 15 minutes of agitation, measurements
were obtained using a UV-visible spectrophotometer (Thermo
Scientific Multiscan Spectrum®) at a wavelength of 570 nm.
The graph of cell proliferation was constructed, using culture
time as the abscissa and OD value as the ordinate®*'.

2.5. Statistical analysis

All assays were conducted with three technical replicates
and a minimum of two independent experiments were
performed. All quantitative data are expressed as means +
standard deviation. Before conducting statistical comparisons,
the normality of the data was assessed using the Shapiro-Wilk
normality test and the Levene test for homogeneity of variances.
ANOVA was employed to evaluate the differences among
groups regarding cell viability, proliferation, and adhesion.
The Bonferroni post-test was employed to assess significant
differences among pairs of groups in multiple comparisons.
Significant differences were determined at p <0.05 using the
Jamovi project software (2024). Jamovi (version 2.6).

3. Results and Discussion

3.1. Scaffold morphology

Scanning electron microscopy (SEM) images were
acquired to analyze the microstructure of the scaffolds.
The freeze-dried samples were fractured and subsequently
tested for analysis. Formulations QCFACD and QCFA20

exhibit a more porous structure compared to samples QCP
and QCFA10, potentially offering increased surface area
for cell growth. The images of scaffolds QCFACD and
QCFA20 predominantly exhibited rounded and open pores.
Figures 1A and 1B, presents the scanning electron microscopy
micrographs of the scaffolds synthesized with a Chitosan/
Collagen ratio of 70:30.

The incorporation of folic acid and B cyclodextrin
modified the morphological characteristics of the polymer
matrix, resulting in enhanced porosity with interconnected
pores of varying sizes, as illustrated in Figure 1A. Based on
these images, the average pore diameter of the material was
measured (mean =+ standard deviation): QCP 34.92 + 12, QCFA10
29.67 + 23, QCFACD 93.94 + 6 and QCFA20 36.04 + 17.
Sample QCP exhibited a fibrous structure characterized by
the presence of pores. The scaffolds containing folic acid
exhibited a notable alteration characterized by the presence of
pores of diverse sizes, as observed in scaffold QCFACD and
QCFA20, which demonstrated evidence of interconnections
among them. Scaffold QCFA10 exhibits a less organized
structure in comparison to scaffolds QCFACD and QCFA20.

The present study demonstrated the synthesis and
characterization of chitosan-collagen scaffolds with the
addition of folic acid and the incorporation of f-cyclodextrin.

Figure 1B presents the scanning electron microscopy
micrographs of the scaffolds synthesized with a Chitosan/Collagen
ratio of 70:30. A highly porous structure with interconnected
pores is essential for the attachment and growth of new tissue
in a biomaterial”. SEM images serve as valuable instruments
for predicting the potential migration of cells into biomaterials.
SEM images (Figure 1B) facilitate the assessment of scaffold
structure and pore diameter. Scanning electron microscopy
(SEM) images were acquired to analyze the microstructure
of the scaffolds. The images indicate that sample QCFACD
features a porous, open structure with interconnected pores,
aligning with findings by Grier et al.*’, potentially offering
increased surface area for cell growth. The surface exhibits
significant roughness and texture, characterized by observable
micropores. This structure is designed to enhance cell adhesion
by offering multiple attachment sites, facilitate cell migration
into the scaffold, and ensure the unobstructed transport of
nutrients and metabolites.

To enhance visualization of potential alterations in the
cross-sectional surface area, these four samples were further
analyzed at increased magnification (Figures 1A and 1B).
An increase in the surface roughness of sample QCFACD is
observed. This represents a significant benefit in cell culture
on scaffolds, offering a site for the attachment of adherent
proteins and cells, as demonstrated in prior research in the
field. Rahman et al.* indicates that an average pore diameter
exceeding 0.05 mm is necessary for cell attachment; thus,
the findings for scaffold QCFACD may facilitate cell
attachment**’. The morphology of the scaffolds is one
of the most important properties for application in tissue
engineering. In order to ensure cell adhesion and the diffusion
of nutrients between the cells and the extracellular matrix to
be formed, these matrices must have a structure with high
porosity and interconnected pores. For each type of cell
and tissue to be repaired, there must be a critical pore size
range for each scaffold, which may have variations in size*".
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Figure 1. Micrographs of the scaffolds in the scanning electron microscope SEM (A) 50X and B) 200X). QCP; QCFA10, QCFACD and
QCFA20 (Q:C Pure, Q:C FA 10 mg, Q:C FA 10 mg B-cyclodextrin and Q:C FA 20 mg) with scale of 500 pm and 100 pm.
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For use in tissue regeneration, a suitable material must
have a porous structure that allows good circulation of
nutrients, cells and removal of metabolic waste’’>’. The
distribution of open and interconnected pores is visible,
presenting homogeneous structures with spherical pores.
From the images, it is possible to observe that the structure
of the matrices changed with the addition of folic acid. The
protonated groups of chitosan interact with the deprotonated
groups of collagen, leading to intermolecular interactions
such as electrostatic and hydrogen bonds formed through
the stabilization of collagen fibers®'*.

The porosity of chitosan-based scaffolds significantly
influences properties like cell adhesion, cell proliferation,
and swelling capacity, which are critical for tissue growth
in tissue engineering’’. Zhang et al.*’ concluded that smaller
diameter pores facilitate cell adhesion. Reduced pore size
enhances the retention of physiological fluids and facilitates
cell permeation within scaffolds by promoting capillary
forces, thereby improving the integration of biomaterials
with tissue™.

3.2. Chemical analysis by FTIR

The analysis conducted through infrared absorption
spectroscopy facilitated the characterization of the scaffolds
and enabled the identification of bond formation associated
with interactions between the chitosan chain, collagen, and
the incorporated compounds. The spectrum presented in
Figure 2 facilitates the identification of the characteristic
absorption bands of the scaffolds.

Figure 2A shows the infrared absorption spectra of the
scaffolds and their precursors, hydrolyzed collagen type I,
chitosan, folic acid and f cyclodextrin.

Figure 2B shows the FTIR spectra of the raw materials.
The typical amide bands of collagen can be observed, such as
the amide A band in the region 3720-3120 cm ', amide B in
the region 3115-2815 cm !, amide I at 1633 cm 4, amide 1T
at 1549 cm ' and amide III at 1243 cm ' *°.

The characteristic absorption band of folic acid can be
observed around 3600-2200 cm™ of overlapping vibrations
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originating from -NH, -OH and -CH bonds; the broadening
of the band is due to the presence of numerous hydrogen
bonds. Around 1650-800 cm™ we observed overlapping
stretching and deformation bands of -C=0, -C-O, -N-H, -C-H
bonds of vitamin B9. A characteristic band of folic acid was
observed at 768 cm™ attributed to aromatic C-H bending.
The band observed at 841 cm ! is a characteristic band of
the para-substituted benzene ring’°.

The spectrum of B cyclodextrin was characterized
by absorption bands at 3380 c¢cm ! (stretching vibration
of -OH), 2925 c¢m ! (stretching vibration of -C-H) and
1483 cm ! (stretching vibration of the -OH deformation)
according to studies by Guo et al.”’.

The objective of this work is to produce scaffolds that
function as temporary matrices promoting a diverse distribution
of pore sizes facilitating a favorable microenvironment for
differentiation and cell growth. Smaller pores facilitate
nutrient passage, whereas larger pores provide structural
support for cell growth.

Characteristic bands of chitosan were observed at
1073 cm ' and 1033 c¢cm ', referring to the —CO group in
CH, —OH and overlapping with the —CO group in the ether-
COC- bond (pyranose ring)**. The scaffold spectra showed
some band shifts in relation to the raw materials (indicated in
Figure 2A). The amide I group in the chitosan molecule presents
a vibration with a maximum at 1656 cm! and in the scaffolds
with a higher proportion of folic acid, sample QCFA20 with
20 mg of vitamin B9, this peak shifts to 1635 cm™. The amide
IT group shifts from 1567 cm™ in chitosan to 1532 cm™ in
scaffold QCP; 1558 cm! in scaffold QCFA10; 1560 cm™! in
scaffold QCFACD and 1559 cm™ in scaffold QCFA20. These
shifts were also detected by Eslahi et al.””, and may be
indicative of the establishment of hydrogen bonds between
the chitosan molecules: collagen with folic acid. The bands
shown in the FTIR spectrum of chitosan/collagen scaffolds
with added folic acid are consistent with their precursors
(Figure 2B) and with the literature®®’. It is observed that
the spectra present absorption bands characteristic of each
component of the formulation. The vibrations of the C=0,

) ~\
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Figure 2. (A) FTIR spectra of the scaffold samples (QCP, QCFA10, QCFACD and QCFA20) Q:C Pure, Q:C FA 10mg, Q:C FA 10mg
B-cyclodextrin and Q:C FA 20mg). B) FTIR spectra of the raw materials Chitosan; collagen; Folic acid and B-cyclodextrin.
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N-H and C-N bonds characteristic of the amide groups can
be observed in the peaks: 1688cm!, characteristic of C=0
stretching (amide I); 1554cm, corresponding to NH, bending
(amide II); 1379 cm’!, mainly referring to C-N stretching.
Between 1073-1033cm™ a broad and intense band is associated
with cyclic C-O stretching. In the scaffold with 10 mg of
folic acid encapsulated with B cyclodextrin (QCFACD),
a characteristic peak appeared at 2922 cm!, which can be
attributed to the -C-H stretching vibration®. A significant
increase was observed in the intensity of the NH vibration band
in the scaffolds, corroborating the possibility of establishing
intermolecular interactions between the materials™. Folic acid
is a vitamin capable of binding to different polymers through
intermolecular interactions through an interaction of amide I1
(N-H) with the carboxylic group (C=0), improving stability
under different exposure conditions®. FTIR analysis also helped
to verify such structural changes, whose absorption spectra,
in the wavenumber region in which the modifications were
observed, an increase in the bands related to the symmetric and
asymmetric stretching of the H-C sp® bonds, at 2929 cm™ and
2885 cm’!, respectively; change in the absorption bands related
to the angular deformation of the ~CH, and ~CH, groups,
at 1410 cm™ and 1344 cm', respectively; change in the set
of bands at 1000-1149 cm™! related to the C—O stretching;
Increase in the intensity of the band related to the angular
deformation of the —OH group, at 1644 cm’'.

3.3. TGA of the scaffolds

The thermograms of the structures are shown in Figure 3.
Thermogravimetric analysis (TGA) was conducted to
evaluate the thermal stability and degradation profile of the
materials. The QCP structure showed an initial mass loss of
10.49%, with a decomposition temperature of 243.54 °C.
The incorporation of folic acid promoted changes in the
decomposition temperatures of the scaffolds. The QCFA10
scaffold exhibited a decomposition temperature of 246.36 °C,
while the QCFACD formulation, containing -cyclodextrin,
demonstrated greater thermal stability, with decomposition at
260.73 °C. In turn, the QCFA20 scaffold had a decomposition
temperature of 244.86 °C.

These results show that the introduction of folic acid and
B-cyclodextrin contributes to increasing the thermal stability
of the chitosan: collagen matrix. The TG curves obtained
in the range of 20 to 750 °C (Figure 3) clearly demonstrate
the different stages of mass loss and the effects of structural
modifications on the thermal resistance of the materials.

Initially, a mass loss event is observed around 20-120 °C,
mainly associated with the elimination of adsorbed water and
residual moisture®. This behavior is expected for hydrophilic
polymeric materials, such as chitosan and collagen, and
appears similarly in all samples, although the QCFACD
framework shows slightly greater variation in this region,
indicating greater water retention or a structure more prone
to interaction with solvent molecules.

In the second stage of degradation, located approximately
between 200 and 350 °C, more striking differences between
the formulations emerge. This interval typically corresponds to
the thermal degradation of the main polymer chains, including
the rupture of chitosan glycosidic bonds and the thermal
denaturation of collagen. It is observed that the curves of the
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frameworks containing folic acid (QCFA10 and QCFA20)
show a subtle shift to higher temperatures compared to the
QCP control, suggesting an increase in thermal stability
provided by the presence of folic acid. This behavior may
be related to the formation of additional intermolecular
interactions, such as hydrogen bonds, which tend to delay
the onset of thermal decomposition.

The QCFACD scaffold, containing B-cyclodextrin,
has the most distinctive profile, with greater thermal
resistance and degradation shifted to higher temperatures.
The curve shows a smoother thermal transition and a less
pronounced loss of mass in the main degradation stage,
indicating that B-cyclodextrin plays a significant role in
stabilizing the polymer matrix. This improvement may be
associated with physicochemical interactions between the
functional groups of chitosan/collagen and the hydrophobic
cavity of B-cyclodextrin, which may limit the mobility of
the polymer chains and reduce susceptibility to thermal
breakdown.

At higher temperature ranges (above 450 °C), all samples
show a final degradation phase related to the carbonization
and oxidation of carbonaceous residues. However, once
again, the QCFACD framework retains greater residual
mass, demonstrating its greater overall thermal stability. The
differences observed reinforce that modifying the matrices
with folic acid and, especially, with f-cyclodextrin results in
structures with superior thermal properties, which is desirable
for applications in biomaterials, especially in situations that
require greater resistance to thermal degradation or during
processing steps involving heating.

Overall, TG analysis reveals that the additives used play
akey role in modifying the thermal behavior of the matrices.
B-cyclodextrin showed a more pronounced synergistic
effect in stabilizing the system, while folic acid contributed
moderately but consistently to delaying degradation. These
results demonstrate that the compositional engineering of
the chitosan: collagen matrix can be exploited as an effective
strategy to optimize its thermal stability and functional
performance.
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Figure 3. TG curves: analysis of thermal stability (Green) and

DTG: mass derivative with respect to time (Blue) of scaffolds QCP,
QCFA10, QCFACD and QCFA20.
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3.4. Total porosity

The values of scaffold densities and porosity were
obtained by calculation using Equations*®. The apparent
densities, pore volumes and porosities of the scaffolds are
represented in Table 2 with mean + standard deviation.

The QCFA10, QCFACD, and QCFA20 samples
presented higher apparent density and porosity volume
values than those observed in the QCP sample, a result
that corroborates the evidence previously identified in the
morphological analysis by scanning electron microscopy
(SEM/MEV). Porosity stands out as one of the most relevant
parameters in defining the applicability of scaffolds in
tissue engineering, especially because it directly influences
cell-material interaction.

Scaffolds with open porosity favor cell filling throughout
their volume, allowing adequate nutrient flow and efficient
removal of metabolites. Due to this relevance, open porosity
was additionally quantified by hydrostatic weighing. It was
observed that increasing the concentration of folic acid in the
composition of the materials also resulted in an increase in
total porosity.

Both porosity and the internal structure of the pores
play an essential role in fundamental cellular processes,
such as proliferation, differentiation, migration, and tissue
regeneration®. Structures with larger pores and a higher
porous fraction favor gas diffusion, nutrient transport,
and the elimination of metabolic waste, promoting greater
cellular activity and extracellular matrix (ECM) deposition.
On the other hand, smaller pores contribute to a more stable
microenvironment, suitable for cell adhesion and adequate
intracellular signaling®*“’.

Among the scaffolds analyzed, sample QCFA20—containing
20 mg of folic acid—presented the highest porosity, exceeding
the values observed for QCFA10 and QCFACD, a result
consistent with the morphological observations obtained by
SEM. It is also noteworthy that the QCFACD sample had a
higher pore volume compared to the others, a characteristic
that can contribute positively to cell behavior.

Structures with well-distributed internal porosity are
widely recognized for promoting the adhesion, proliferation,
and differentiation of mesenchymal stem cells. According to
Li et al.*, porous scaffolds offer a larger interfacial area for
vascularization and bone formation, promoting biological
integration between implants and host tissue.

3.5. Mass absorbability

Mass absorbency is an essential parameter in the
characterization of polymeric scaffolds intended for tissue
engineering, since it determines the material’s ability to
capture biological fluids and promote its integration with
the physiological microenvironment. In the figure presented,

it can be observed that the addition of folic acid directly
influenced this behavior, as seen in sample QCFA20, which
exhibited significantly higher absorbency values compared
to the other samples, as indicated in the Figure 4.

Mass absorbability varies similarly to open porosity. The
scaffolds modified with folic acid (QCFA10 and QCFA20)
presented the highest mass absorbability values, 974% and
1443% respectively. Scaffold QCFACD presented absorbability
of 834% compared to scaffold A1, 38% less to the scaffold
without the addition of folic acid.

Mass absorbability determines the ability of the scaffold
to absorb biological fluids before placement in the patient’s
body. The results are presented in Figure 4. Scaffold QCP
does not have added folic acid, while sample QCFACD has
the incorporation of f-cyclodextrin, which may be attributed
to the fact that the ethanol solvent was unable to penetrate
the entire structure of the scaffold and did not cause high
absorbability. Studies carried out on scaffolds for bone
regeneration modified with gelatinous coatings of chitosan
and folic acid showed higher mass absorbability values for
PLA/CS scaffolds after modification with folic acid®.

3.6. Swelling test

The degree of intumescence of the scaffolds is detailed
in Figure 5. This test was performed under isothermal
conditions, maintaining the temperature strictly at 37°C
to mimic physiological body temperature. The absorption
kinetics of the material were investigated by evaluating its
behavior at predetermined time intervals.

The Swelling behavior of the dehydrated scaffolds,
immersed in PBS, pH 7.4 at 37 °C, was studied at the
experimental times of 10 minutes, 1, 3, and 24 hours.
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Figure 4. Mass absorbability values of scaffolds QCP, QCFA10,
QCFACD and QCFA20 (Q:C Pure, Q:C FA 10 mg, Q:C FA 10 mg
B-cyclodextrin and Q:C FA 20 mg). Error bars represent standard
deviation values. ANOVA test (* P<0.05, **P<0.01 and ***P<0.001).
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Table 2. Apparent densities, pore volumes and porosities of the scaffolds.

Scaffolds Apparent Density g/cm? Pore volume cm? Porosity (&)
QCP 0.027 £ 0.005 0.058 +0.001 0.292 + 0.003
QCFA10 0.053 £ 0.004 0.065 + 0.003 0.648 +0.032
QCFACD 0.054 +0.001 0.108 = 0.001 0.539 +0.001
QCFA20 0.054 £0.012 0.100 + 0.034 1.001 +£0.338
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The data presented are the means of the triplicates Scaffold
1—(Q:C Pure); Scaffold 2 — (Q:C FA 10mg); Scaffold 3 (Q:C
FA 10mg with  CD) and Scaffold 4 (Q:C FA 20mg).

Comparing the scaffolds with each other, at each
experimental time, there was a statistically significant
difference at 24 hours between the scaffolds: QCP with
scaffold QCFACD there was a statistically significant
difference P < 0.001; QCP with scaffold QCFA20 there
was a statistically significant difference P < 0.01; QCFA10
with scaffold QCFACD there was a statistically significant
difference P < 0.001 and QCFACD with scaffold QCFA20
there was a statistically significant difference P < 0.001.

At 10 minutes there was a significant difference between
scaffold QCP and QCFACD with P < 0.05 and between
QCFA10 and QCFACD a P < 0.05. At 1 and 3h there was
no significant difference.

The swelling test (Figure 5) is a technique used to
evaluate the diffusion of solvent molecules into the polymer
chain, which, when in contact with the material, fills the
empty spaces in the chain. Diffusion generates changes in
the arrangement of the polymer chain, causing an increase
in the volume of the spheres. As the material acquires
volume, it causes the spheres to swell, and we can calculate
the degree of swelling’’. All scaffolds are highly swellable,
which is related to the presence of hydrophilic groups in
the polymer chains. The highest swelling percentage was
observed in scaffold QCFACD. In the first 10 minutes
of the test, scaffold QCFACD presented a percentage of
2018%. The high initial swelling can be attributed to the
flow of water inside the B-cyclodextrin structure, which
has a hydrophilic surface and a hydrophobic cavity inside.
B-cyclodextrin can form molecular complexes due to
possible intermolecular interactions with the environment.
The swelling percentage in scaffold QCFACD decreased with
increasing immersion time. Scaffolds QCP, QCFA10 and
QCFA20 presented higher swelling percentage values in the
first 3 hours of analysis. However, a significant decrease in
liquid absorption was observed after the experimental time of
24 h. The swelling behaviors of the scaffolds are determined by
the interaction with the PBS solution between the hydrophilic
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and hydrophobic regions, the intermolecular spaces within the
polymer network structures, and the pore sizes on the surface.
Scaffolds with a large number of hydrophilic functional groups
and large pores will swell to a large extent and absorb water
many times more than their own weight. While scaffolds with
high crosslinking density or with large hydrophobic groups
showed a lower swelling percentage’'. All scaffolds maintained
their cylindrical shape and did not dissolve after immersion in
PBS. This can be attributed to good crosslinking with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide. Previous studies have
shown that the addition of a crosslinking agent is necessary to
improve stability in aqueous media’.

For biomedical applications, swell behavior is one of the
most important parameters. A higher swell percentage results
in a larger surface area for the diffusion of bioactives in the
environment’”. Scaffold QCP presented the lowest Swelling
ratio at the experimental times of 10 min, 1 h and 3 h. At
the time of 24 h, scaffold QCFA10 and QCFA20 presented
the lowest Swelling values. Between the times analyzed,
scaffold QCFACD presented a decrease in Swelling values,
but the highest percentage of the scaffolds studied. The
ability to absorb large amounts of aqueous solutions is one
of the most significant characteristics of a hydrogel, and can
reach hundreds of times its weight’®. Studies on hydrogels
containing chitosan and cellulose presented a high Swelling
ratio””. The Swelling results found in the experiments of
this work correspond to the values found in the literature.

3.7. pH

During the first 10 minutes of incubation of the structures
in Artificial Body Fluid (ACF), pH variations were similar
among all samples, with the highest values occurring in this
initial interval, as illustrated in Figure 6. In all formulations,
the results indicated a slightly alkaline pH.

Throughout the four days of incubation, different behaviors
were observed. In the QCP, QCFA10, and QCFA20 samples,
the pH decreased after the first day, stabilizing between
7.95 and 8.00. In contrast, the QCFACD sample showed an
increase in pH values in the first few days, reaching 8.15 on
the fourth day (Figure 6B).

& [ ( e
3h 24h
Time
QCFA20

Figure 5. Swelling percentage of scaffolds containing Chitosan and Collagen in the ratio (70:30). QCP, QCFA10, QCFACD and QCFA20
(Q:C Pure, Q:C FA 10 mg, Q:C FA 10 mg B-cyclodextrin and Q:C FA 20 mg). ANOVA test (* P<0.05, **P<0.01 and ***P<0.001).
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These variations suggest the release of ions present in ACF
(Na*, Ca*', K*, and Mg?"), which contributes to the increase
in pH. This behavior can be considered beneficial, since the
initial increase in pH favors both cell adhesion and activity’.

The analysis of the pH variations of the scaffolds in ACF
are shown in Figure 6. Figure 6A shows the pH values in the
first 120 minutes. During the preparation of the scaffolds, at
the end of the crosslinking, the scaffolds were neutralized.
The components of the FCA solution may have interacted
when in contact with the scaffolds, altering the pH value to
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values above 7.00. Determining the pH of the scaffolds is
important because changes in these values may occur due
to impurities, hydrolysis and decomposition.

To ensure effectiveness in tissue engineering, the
biomaterials used in the construction of scaffolds, known
as scaffolds, three-dimensional structures of synthetic or
natural macromolecules to achieve the expected objective
must meet some essential criteria such as biocompatibility,
biodegradability, porosity, adhesion, stability, interconnectivity,
and allow cell proliferation’".

L
” ||| Illl Il

&0 min 120 min

= QCFA20

4 day

= QCP

= QCFATD
= QCFACD
= QCFAD

Figure 6. (A) Distribution of pH variation of the scaffold samples of pure Q:C; Q:C FA 10 mg; Q:C FA 10 mg B-cyclodextrin and
Q:C FA 20 mg during 120 minutes of sample incubation in simulated body fluid. (B) pH variations after the following 4 days.
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Recent studies by Souza et al.*’, demonstrated that U20S
cells showed a 2.25-fold increase in cellular metabolism in
single-layer prints prepared at pH 8.0 compared to those
prepared at pH 5.5. Cells growing on substrates prepared
between pH 7.0 and 8.0 showed an increase in cellular
metabolism compared to cells growing on acidic substrates
after 7 days of cell culture. Alkaline pH is essential for
osteoblast culture, assays performed in acidic medium led to
an increase in autophagy and apoptosis of cells®'. Culture of
human fibroblasts and keratinocytes in acidic environments
resulted in an increased expression of inflammatory mediators
and a reduction in cell migration®. On the other hand, it
was demonstrated that the pH range between 7.8 and 8.4
increased the growth and differentiation of bone cells, with
a slightly alkaline pH being beneficial for MC3T3-E1 cells®™.
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3.8. In vitro folic acid release assay

UV-Vis spectroscopy was used to analyze the FA release
profile from scaffolds QCFA10, QCFACD and QCFA20.
Figure 7 represents the cumulative FA release profiles in
samples with PBS buffer solution in vitro at 37°C at pH
7.4 to mimic the pH conditions of systemic circulation.

The evaluation of folic acid release in scaffolds dehydrated
in PBS buffer pH 7.4 was performed by immersion in saline
solution for a period of 12 days. The data presented are the means
of triplicates (P < 0.001). Scaffold 2 — (FA 10mg); Scaffold
3 (FA 10mg incorporated in § CD) and Scaffold 4 (FA 20mg).

As shown in Figure 7A, the release curves of scaffolds
QCFA10 and QCFA20 showed a rapid release rate in the
first 7 h, followed by a slow-release phase. These results

~ QCFA10
QCFACD

e » . QCFA20

Time (days)

Figure 7. Folic acid release profile in scaffolds QCFA10, QCFACD and QCFA20 in saline solution (PBS, pH 7.4) A) Evaluation of
folic acid release in scaffolds QCFA10, QCFACD and QCFA20 in time measured in h; B) Evaluation of folic acid release in scaffold

QCFACD in days.
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Figure 8. Representation of the L929 indirect contact MTT assay with the scaffold samples of QCP, QCFA10, QCFACD and QCFA20
(Q:C Pure, Q:C FA 10mg, Q:C FA 10mg B-cyclodextrin and Q:C FA 20mg at the experimental time of 24h, 48h and 72 h. ANOVA test

(*P<0.05, ** P<0.01 and *** P <0.001).

are consistent with the regulation of vitamin release by free
diffusion. Scaffolds QCFA10 and QCFA20 showed rapid
release behavior in PBS medium, with a higher dissolution
rate than sample QCFACD.

Scaffold QCFACD presented a gradual cumulative release
(Figure 7B) profile over the 12 days of testing. This fact
may be associated with interactions between f-cyclodextrin
and folic acid with the polymer matrix. Thus, it is evident
that the incorporation of B-cyclodextrin in the scaffold
directly influenced the release kinetics of this vitamin into
the medium. These results demonstrate that the folic acid
delivery system based on the incorporation of B-CD into
the scaffold polymers is extremely useful and important in
tissue engineering. The release behavior is estimated to be
marked by a high initial value, followed by the release of
small doses, or maintenance doses, for a longer time interval,
as observed in scaffold QCFACD. The FA release rate in
sample QCFA20 during the first day was faster than the other
samples. Studies carried out by Alborzi et al.**, concluded
that the drug, or active substance, and the release medium
affect the polymer matrix.

3.9. Cytotoxicity of scaffolds by MTT assay

The results of the MTT tests revealed that after 24,
48 and 72 hours the synthesized scaffolds did not show
cytotoxicity to the L929 cell cultures. As shown in Figure 8,
the cell viability of scaffold QCFACD (Q:C FA 10mg with
B-cyclodextrin) was significantly higher than that of the
control group (considered 100%), after 48 and 72 hours. The
percentage of viable cells in scaffold QCFACD was 59%
higher than in the control group, after 72 hours (p<0.001).
The viability values remained above 75%, a value above
which the materials are considered non-cytotoxic.

The most expressive percentage of cell viability was
in scaffold QCFACD followed by scaffold QCFA10. The
differences were statistically significant for various study
times, as represented in Figure 8.
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Figure 9. Representation of the Neuro 2A indirect contact MTT
assay with the scaffold samples of QCP, QCFA10, QCFACD and
QCFA20 (Q:C Pure, Q:C FA 10mg, Q:C FA 10mg B-cyclodextrin
and Q:C FA 20mg at the experimental time of 72 h. ANOVA test
(*P<0.05, ** P<0.01 and *** P <0.001).

Figure 8 shows the results of Indirect contact MTT assay
of QCP, QCFA 10, QCFACD and QCFA20 scaffold samples
for 24, 48 and 72 h with L1929 fibroblast cells. ANOVA test
(* P<0.05, **P<0.01 and ***P<0.001).

On the other hand, after 48 and 72 hours, the percentage of
viable cells in scaffolds QCFACD, QCFA10, and QCFA20 was
higher than in sample QCP. Furthermore, after 72 hours, the
cell viability of scaffold QCFACD was higher than that of
all the scaffolds under study. These initial in vitro results
suggest that the addition of folic acid and B-cyclodextrin
may have promoted a relatively superior microenvironment,
more favorable for the adhesion and development of the
cell cultures tested.

Neuro 2A cells (Figure 9) were treated with the media that
were in contact with the scaffolds for 72 hours. The viability
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in scaffold QCFACD was 104.08%, that is, 4% higher than
in the control group. Scaffold QCFACD with 10 mg of folic
acid and the incorporation of B-cyclodextrin showed the
highest cell viability result, which may be attributed to the
controlled release of folic acid into the medium. However,
the cell viability of all samples was above 75%, indicating
good biocompatibility of all scaffolds. The lower cell viability
observed in sample QCFA 10 can be justified by the solubility
of folic acid in the experimental time of 72 h, which can be
attributed to the accelerated leaching of folic acid into the
culture medium, which may have acted negatively on the
cells and reduced their viability.

Figure 9 Cell viability in Neuro-2A cells for the scaffolds
for 72 h.

Statistical analysis was performed between the scaffolds
for the cell viability assay. There is a statistical difference
between the groups identified by the Tukey Post Hoc
ANOVA test between the measurements between: QCP and
QCFA10 p<0.001; QCP and QCFA20 p<0.01; QCFA10 and
QCFACD p<0.001 and QCFA20 with QCFACD p<0.01.

In vitro cytotoxicity analysis was evaluated in terms of cell
viability of L929 and Neuro 2A fibroblast cells. In this study,
MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium
bromide) reduction assays were performed. Scaffold samples
QCP, QCFA10, QCFACD and QCFA20 (Q:C Pure, Q:C FA
10 mg, Q:C FA 10 mg B-cyclodextrin and Q:C FA 20 mg)
were subjected to in vitro assays. Fibroblast cells were used
because these are the main cells involved in wound healing
and tissue repair. Fibroblast cells are considered essential
for tissue repair due to their great multiplication capacity
to fill tissue defects in various organs with an extracellular
matrix leading to healing®.

On the other hand, cytotoxicity was tested in Neuro 2A
cell culture to evaluate the possible potential of folic acid
and B-cyclodextrin in chitosan: collagen scaffolds in neural
cells. Cytotoxicity was performed indirectly using 10 mg/mL
dilution of the scaffolds in fibroblast and Neuro 2A cells. The
results of cell viability are shown in Figures 8 and 9. L929
fibroblast cells (Figure 8) were treated with the media that
were in contact with the scaffolds for 24, 48 and 72 hours.
According to the studies by Pal et al.*, the MTT assay is
used to determine cell viability, quantifying how much
MTT was reduced by cellular metabolic activity, forming
blue formazan crystals. Thus, the amount of formazan,
measured by spectrophotometry, is directly proportional to
the number of viable cells. As shown in Figure 8, the MTT
assay demonstrates the non-toxic nature of the scaffolds
produced against the cell types tested.

The determination of cell viability and cell adhesion are
extremely important tests, as they measure, in vitro, the first
interaction between the cell and the surface of the material,
and are a first step in evaluating the potential biocompatibility
of the material under study, especially when the material
comes into contact with the culture medium and the cells.
Folic acid is a vitamin with a hydrophilic character that
can help connect Neuro 2A cells to the scaffold surfaces,
allowing cell development and improving viability, which is
desirable in the context of tissue engineering applications. In
the context of tissue engineering applications, it is desirable
for the material to have a hydrophilic character to help the
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cells attach to the surface of the scaffolds, thus facilitating
cell growth and increasing their viability**. All scaffolds are
non-toxic and can therefore be used for subsequent exploitation
in the manufacture of bioengineered implants/tissues. The
results of this study also validate that the polymeric matrix
can provide a suitable environment for cell attachment and
proliferation, acting as synthetic extracellular matrices.

According to ISO 10993-5, for a sample to be considered
cytotoxic, there must be a reduction in viability greater than
30% in the cell line evaluated. Therefore, the graphs were
marked with a dashed black line at the location where 70%
of cell viability is reached. The points on the straight lines
of the graphs are representative of the mean + standard
deviation (SD) corresponding to three experimental replicates
for each test sample. Studies carried out by Mozafari et al.*,
showed higher cell viability (%) results in composite fibers
electrospun with FA compared to the pure ones. This may
be attributed to the fact that FA has a high affinity for the
folate receptor in L929 cells.

3.10. Adhesion and morphology

Cell adhesion was tested by the cell counting method
after the 24-hour incubation period. The result of the
adhesion efficiency of L929 and Neuro 2A fibroblast
cells adhered to the material after 24 hours is shown in
Figures 10 and 11.

After the 24-hour experimental time, the 1929 cells
exposed to the scaffolds presented adhesion efficiency
above 0.9. The scaffold that presented the highest adhesion
efficiency, with 0.98, was sample QCFACD with Q:C FA
10 mg and incorporation of f-cyclodextrin (Figure 10).

Figure 11 represents the results of adhesion efficiency
in the scaffolds after the 24-hour time with Neuro 2A
cells. All scaffolds maintained an adhesion efficiency
above 0.8. There was a significant difference between the
groups evaluated. Between scaffolds QCP and QCFACD
the p-value < 0.05 and between scaffolds QCFACD and
QCFA20 the p-value < 0.05.
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Figure 10. Adhesion efficiency of L929 cells on the scaffolds.
ANOVA test (* P<0.05, ** P<0.01 and *** P <0.001).



Chitosan/Collagen Scaffolds Containing Folic Acid: B-Cyclodextrin with Potential Application in Neuronal Tissue Engineering 15

The morphology and distribution of L929 and Neuro
2A cells are shown in Figures 12 and 13. We can see that
L929 cells (Figure 12) were distributed quite uniformly
within the scaffold structure after cultivation for 72 hours,
as observed on the z axis.

Adhesion Efficiency
© © o o o
N w ks w o
L L L L L

o
1

0.0

T
QCFA20

Figure 11. Adhesion efficiency of Neuro 2A cells on the scaffolds.
ANOVA test (* P<0.05, ** P < 0.01 and *** P < 0.001).
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We can see in the images shown in Figure 13 that in
all scaffolds, Neuro 2A cells adhered to the surface and
along the scaffold channels. In both images, Neuro 2A cells
proliferated in the scaffolds within 72 hours.

In agreement with the literature, the results of this
study demonstrate that the scaffolds exhibited excellent
biocompatibility and can promote the proliferation of
fibroblasts and Neuro 2A. Furthermore, the cell viability
of scaffold QCFACD with folic acid and incorporation
of B-cyclodextrin in contact with the cells resulted in
higher percentages of cell viability, as can be seen in
Figures 8 and 9.

The present in vitro study with neuroblastoma type
Neuro 2A and the polymers chitosan: collagen with
addition of folic acid and incorporation in -cyclodextrin,
verified favorable evidence for the presentation of this
research, which studied the adhesion and proliferation of
these cell types on the afore mentioned polymers, through
quantitative analysis.

The initial cell adhesion response to the surface of
the scaffolds is a very important analysis to assess the
biocompatibility of the biomaterials used in the synthesis.
The evaluation of cell attachment to the scaffolds was measured
in the experimental time of 24 hours. The scaffolds showed a
good cell adhesion response, indicating good biocompatibility,
as it significantly promoted cell adhesion that could be observed
both on the surface of the scaffold and inside the pores.

8
-
7
s

Figure 12. Morphology of L929 cells on the scaffolds at the experimental time 24 hours and 72 hours. ANOVA test (* P <0.05, ** P<0.01

and *** P <0.001).



The encapsulated QC AF 10 mg scaffold (QCFACD) showed
a better adhesion efficiency, close to 1.0. The interaction
and adhesion of neural cells with artificial substrates are of
fundamental importance in neural tissue engineering. The
rational design of synthetic neural tissue substrates should
achieve maximum control over the assembly and grouping
of neural cells. In the central and peripheral nervous systems,
neural cells form functional networks where their efficiency
depends on the network topology”™*.

The combination of biomaterials used in the preparation
of the scaffolds contributed to a more appropriate environment
for cell attachment, favoring their growth and reproduction.
These results also suggest that scaffolds based on chitosan
and collagen, enriched with folic acid, cross-linked with
carbodiimide have great biocompatibility and promote the
adhesion and proliferation of Neuro 2A cells. Morphology
analysis reveals that cells preferentially align along scaffold
grooves (Figure 13), which therefore exert significant
influence on cell behavior. The roughness of the scaffold
surface, organized at different dimensional scales, appears
to cause cells to precipitate into aggregates as observed in
sample QCFACD in Figure 13.

Two-photon confocal microscopy was employed to obtain
the quantitative localization of individual cells within the
scaffold, which may be useful tools for predicting possible
cell migration into biomaterials. These results indicate that
the scaffold layer not only has good biocompatibility but
also significantly promotes cell growth and proliferation.

Teodoro et al.
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According to Sung et. al”, the morphology of Neuro-2A
cells on chitosan substrates can be classified into three types':
Neuro-2A cells do not present neurite differentiation and
are found in rounded form in small clusters in flat regions?;
Neuro-2A cells with neurite differentiation spreading
throughout the biomaterial but not extending to the grooves;
and’, Neuro-2A cells that spread to the grooves with neurite
differentiation. In the scaffolds, Neuro-2A cells were
spherical in shape, spread across the surface of the scaffolds
and in some regions in small clusters. In the cavities, many
Neuro-2A cells were observed, identical to those observed
by researchers Noguchi et al.”® and Liu et al.”’. In the work
of Wu et al.”®, glioma cells, regardless of whether they were
adhered to each other, presented a spherical morphology
when cultured in DMEM medium and 10% fetal bovine
serum. The results of the article indicate that Neuro 2A cells
evolve to form networks with small-world characteristics
by forming small clusters, adhesion and migration being
visualized on the z axis, the cells transition from an initial
random configuration to a structure with a strong correlation
between their internal parts. According to Gentile et al.”, the
small-world network model describes the topology of cell
clusters in the scaffolds. Small-world networks elaborate,
receive and transmit signals more efficiently than random
networks. The main drivers of nerve cell condensation are
information maximization and energy minimization. The
factors that trigger cell condensation on artificial scaffolds
are the nanotopographical features that decorate the surface.
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Figure 13. Morphology of Neuro 2A cells in the scaffolds at 24 hours and 72 hours. ANOVA test (* P<0.05, ** P<0.01 and *** P<0.001).
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Figure 14. A) Proliferation test of L929 cells seeded on the scaffolds, after 24h, 48h and 72h. B) Count of Neuro 2A cells marked by

DAPIL. ANOVA test (* P < 0.05, ** P<0.01 and *** P <0.001).

Understanding the role of surface nanotopography and cellular
topology in organizing nerve cells into complex structures
may help design strategies for tissue engineering, neuronal
regeneration, and nerve repair more quickly and efficiently.

In this study, using images obtained with a Zeiss LSM
880 confocal microscope, the morphology of Neuro 2A
cells can be classified as type' and demonstrated that the
chosen biomaterials have positive characteristics regarding
biocompatibility. However, few studies using biomaterials
and their application in neuro2A cells have been performed.
Therefore, the scarcity of in vitro studies with neuroblastoma
type neuro 2A in chitosan and collagen scaffolds with the
addition of folic acid, are favorable indications for the
presentation of this research, which studied the addition of
folic acid to evaluate the adhesion and morphology of these
cell types on the scaffolds”.

3.11. Proliferation test

The proliferation of L929 cells seeded on the scaffold
discs was evaluated using the MTT assay (Figure 14). The
optical density (O.D.) values provide an indicator of cell
growth and proliferation. All developed scaffolds promoted
the proliferation of L929 cells after one and three days of
experiment. The average O.D. of scaffold QCFACD was
higher than that of scaffolds QCP, QCFA 10 and QCFA20 in
all study periods, but the differences were only significant
after 72h. Scaffold QCFACD promoted, after three days, a
significantly higher cell proliferation than the other scaffolds.

Figure 14B shows the proliferation test for Neuro
2A cells. The scaffold with the highest proliferation was
scaffold QCFACD and QCFA20, which can be attributed
to the structure of the material. There was a statistical
difference between the groups with P<0.05. On the other
hand, the QCFACD scaffold containing 10 mg of folic
acid promoted significantly greater cell proliferation after
three days than the QCP, QCFA10 and QCFA20 scaffolds.
The proliferation of L929 cells seeded on the scaffold discs
was evaluated using the MTT assay (Figure 14A). The
optical density (O.D.) values provide an indicator of cell
growth and proliferation. The results indicate that scaffolds

QCFA10 and QCFACD acted as a substrate for the growth
of fibroblast cells, since the number of cells increased as the
culture time extended to 72 h. However, scaffold QCFA20
showed an increase in the 24 h time and a decrease in the
48 hand 72 h times, as can be seen in Figure 14A. Therefore,
the scaffolds can be considered cytocompatible, since no
obvious negative effects on cell viability were observed.
Thus, the excellent proliferative induction results exhibited
by scaffold QCFA20 can be explained by the morphology,
when compared to the other groups. The results indicate that
the scaffolds acted as a substrate for the growth of Neuro
2A cells, since the number of cells in all groups increased as
the culture time extended from 24 h to 72 h. Therefore, the
scaffolds can be considered cytocompatible, since no negative
effects on cell viability were observed. Thus, the excellent
cytocompatibility exhibited by the developed scaffolds
demonstrates the potential of these biomaterials to favor
cell adhesion, spreading and proliferation in Neuro 2A cells.
Thus, this new scaffold has great potential for use in
neuronal tissue engineering as a temporary support for the
growth, proliferation and migration of Neuro 2A cells.

4. Conclusion

In this study, we prepared hydrogels based on chitosan,
collagen, and folic acid as potential scaffolds for tissue
engineering. In this study, we made scaffolds carrying folic
acid (FA), also known as vitamin B9. We made a compound
that included FA in cyclodextrin to extend the time it took
to release. The tests that were done and the outcomes about
the scaffolds’ properties showed that adding folic acid
made the system’s properties better, mostly in terms of its
physicochemical and morphological properties. The images
obtained by SEM showed that the addition of vitamin B9
folic acid caused an increase in the pore size in the scaffolds,
which may be a relevant factor for the migration of nutrients
and cell growth. The study found that scaffolds, specifically
QCFACD, with AF: -cyclodextrin 10 mg, were not cytotoxic
and supported the growth of Neuro 2A cells. The scaffolds
showed excellent cytocompatibility and showed slow
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release in sample QCFACD. The results have advanced our
understanding of scaffolds as a matrix for fibroblast and neural
cells, promoting cell proliferation and collective adhesion.
The biocompatibility of folic acid in scaffolds for temporary
growth of healthy cells underscores their significance. These
low-cost, easy-to-prepare, and release properties can serve
as models for future tissue engineering studies.
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