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Abstract: Chitosan spherical scaffolds, derived from the deacetylation of chitin, are natural polymers with
significant potential, though challenges remain in optimizing their properties. The use of chitosan as a carrier
for the controlled release of iron chloride is not yet fully established, despite iron’s critical role in various
essential biological processes, including as a component of metalloenzymes and in the maintenance of life.
Methods: This study aimed to develop a novel protocol for synthesing chitosan scaffolds and to characterize
their properties using analytical techniques. Additionally, the release profile of iron was modeled using two
primary controlled-release mathematical models. Results: The results demonstrated successful synthesis and
physicochemical characterization of the chitosan sphere scaffolds. These scaffolds exhibited appropriate
topography for iron loading and cellular interaction, as confirmed by SEM analysis, and contained functional
groups as identified by FTIR. The scaffolds were also semi-crystalline (XRD), showed controlled degradation,
and were confirmed to be non-toxic biomaterials. Furthermore, the modeling of the controlled release of iron
chloride adsorbed on the scaffold surface, as well as the modeling of iron chloride specimens using the
MEDUZA software, was successfully conducted. A theoretical curve was generated from the experimental
dose-response data collected over time, considering variations in pH and medium concentration. Conclusions:
In conclusion, a novel protocol for chitosan-based carriers was successfully developed, enabling thorough
physicochemical characterization and modeling of both absorption and controlled release.

Keywords: chitosan scaffold; physicochemical characterization; iron chloride; controlled release
model simulation

1. Introduction

Chitosan is a polymeric amino polysaccharide derived from the deacetylation of chitin.

Despite its potential, the development of chitosan scaffolds with optimal properties and their
applications remain underexplored. Traditionally, crosslinkers are used in chitosan preparations, but
these substances can be toxic, leading to cell death and polymerization contraction, which must be
mitigated or avoided. Additionally, chitosan scaffold to carry iron chloride effectively. This study

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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proposes a novel protocol that combines the coagulation method with freeze-drying, avoiding cross-
linking and toxic agents, for the development of chitosan spheres. The aim is to facilitate the transport
and controlled release of iron chloride in a controlled pH environment.

The objective of this work was to develop a novel chitosan sphere scaffold protocol that is
potentially biocompatible, low-cost, and feasible as a biomaterial for carrying iron chloride and
enabling controlled release at specific pH levels [1]. Following coagulation, freeze-drying, and
lyophilization ~without cross-linking agents, the chitosan spheres were characterized
physicochemically. Tests included degradation, cytotoxicity, and controlled release experiments. The
release profile and patterns of iron were modeled considering various concentrations and pH levels
of the medium in which the spheres were immersed. A theoretical curve was developed to predict
diffusion behavior when the carrier is placed in a finite and limited volume solution [2,3], followed
by protocol adjustments and complex modifications [4,56]. The modeling was conducted using
Fortran (IBM, USA) and Meduza (Informer Technologies, USA) software [6,7].

Chitosan’s versatility allows the preparation of microcapsules and beads of various shapes and
sizes. Its applications extend to different parts of the human body due to its biocompatibility,
biodegradability, and moldability [5,8-14]. The spherical shape attributed to the chitosan spheres
offers lower energy for the carrier system, making it suitable for various applications, including
enzyme immobilization and directed drug diffusion [16,17]. The development of this carrier could
address the high costs associated with current scaffold systems, which can exceed $10,000, making
them inaccessible to poorer populations. The controlled release allows for predictable and planned
therapeutic dosing [18,19]. Administering drugs with controlled release involves managing three
basic factors: pH and concentration of the medium, release rate, and gastric transit, which can be
simulated from experimental data. The behavior of iron under varying pH and concentration
conditions, as well as the release profile of the spheres in a limited volume, was simulated. The
material must meet cytotoxicity and biodegradability standards. Chitosan forms complexes with
various molecules, and the stability of these complexes depends on factors such as charge density,
molecular weight, net charge, solvent properties, ionic strength, pH, and synthesis temperature [20-
24]. The release rate of molecules or ions may be linked to the chemical degradation process, which
can be measured by indices such as the degree of swelling (GI), degradation index (ID), and loss of
water absorption, influencing the rate of drug release [25,26] in the biomedical field [27]. The
development and understanding of controlled release and system modeling have been previously
explored [28,29]. Some mathematical models, including the Fick equation, describe the controlled
release mechanism, particularly in limited volumes [30].

This work focused on developing new chitosan scaffolds, performing appropriate
physicochemical characterization using techniques such as scanning electron microscopy (SEM),
analysis of the main chemical groups of chitosan by Fourier transform infrared spectroscopy (FTIR)
and Raman analysis (RS), analyze the crystallinity by X-Ray Diffraction (XRD), perform the
cytotoxicity test in cell culture, promote the appropriate degradation tests and measurement of the
indices, model using Fortran software (IBM, United States) the finite volume analysis, and promote
the estimation modeling of iron behavior with the aid of Meduza software (Informer Technologies,
USA) for iron behavior estimation.

2. Materials and Methods

Production of Chitosan Spherical Carriers (Scaffold)

Chitosan spheres were produced using an innovative protocol developed from ultrapure
chitosan derived from crab shell carapace (Sigma Aldrich® Merck KGaA, Darmstadt, Germany) with
a deacetylation degree (DD) of 87.7%. The synthesis process began by preparing a chitosan solution.
An analytical balance was used to weigh 0.125 g of chitosan and was dissolved in 6.25 mL of 2% acetic
acid (v/v) solution under constant magnetic stirring until a homogeneous gel, free of residual
granules, was obtained. The gel was free of bubbles and chitin residues, contained chitosan at its
maximum degree of purity.
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The rheological properties of the gels were studied using a TA Instruments’ Rheometer ARG2
(Lukens, New Castle, USA) with plate-plate geometry. Initially, strain amplitude tests were
conducted, followed by a frequency scan of the chitosan solution from 6.283 to 62.83 rad/s. A specific
sequential structure of adapted syringes was used to ensure correct gel ejection using a controlled
drip device into a 5% NaOH (1 mol L-1) solution under constant stirring. The gel beads were then
neutralized in a phosphate-buffered saline (PBS) solution (~pH 7) and washed with ultrapure water
obtained from a Milli-Q® device, followed by passage through a sieve sequence.

The samples were lyophilized (Terroni LT-1000, Terroni Equipamentos Cientificos, Jardim
Jockey Club, Sao Carlos, Brazil) for 2 consecutive days. After lyophilization, the pellets were stored
in amber glass bottles, dried at 50°C for 5 consecutive days, and covered with parafilm. This step was
crucial for maintaining the exact size of the spheres in the final process and for avoiding the need for
cross-linking the polymer. Besides that, all physicochemical characterizations were conducted before
the modeling tests. The protocol was adapted from the works of Benvenutti et al. (2012) and Lima et
al. (2016), and further developed by Lima et al. (2013) with modifications to the reagents and
procedures for sphere production [31-33]. Several modifications were made to refine the protocol
and achieve the ideal spherical carrier with long-term stability, as illustrated in the design protocol
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Figure 1. Design protocol of new spherical chitosan without reticulate agents.

Experimental-Physico-Chemical Characterization of Chitosan Carrier Beads (Spherical Scaffold)- before the
Controlled Release Test

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was utilized to examine the chitosan spheres for surface
characteristics, including potential pores, surface roughness, topographic structure, and surface
concavities. These features are critical for enhancing cell interaction and biocompatibility by
increasing the surface area and, consequently, the contact area with the external environment.

The chitosan samples were metalized on stubs using an Emitech K550X metallizer (Emitech,
Dubai, UAE) with a current of 50 mA for 180 seconds. Microstructural analyses were conducted using
a Zeiss IVO MA 10 scanning electron microscope (Zeiss, San Diego, CA, USA) with operating
parameters set to a working distance of 14 to 15 mm and a voltage range of 20 kV to 21.24 kV. The
SEM analyses were performed at the SEM laboratory (SEM-UFF, Volta Redonda, R], Brazil).

SEM micrographs were captured at various magnifications, beginning with a wide view of the
entire sphere contour to identify areas of interest. Detailed imaging was performed at magnifications
of 5000x%, 2500%, 1500, and 500x to capture the fine structural details of the chitosan spheres.


https://doi.org/10.20944/preprints202409.1297.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2024 d0i:10.20944/preprints202409.1297.v1

Fourier Transform Infrared Spectroscopy (FTIR)

The standard Fourier Transform Infrared (FTIR) spectroscopy technique is employed to identify
the chemical groups present in chitosan structure, providing a fingerprint of the material under
investigation. This technique analyzes the vibrational modes of different chemical groups, allowing
for the determination of the chemical or structural composition of the material.

For FTIR analysis, chitosan samples were first ground into powders using an agate mortar and
pestle. The powders were then stored in 1.5 mL Eppendorf tubes. The samples were prepared as KBr
pellets for analysis. FTIR measurements were performed using a Perkin Elmer Spectrum 100
spectrometer (401 Congress Ave, Austin, TX 78701, USA). The analysis involved 32 scans with a
resolution of 4 cm-1, and spectra were recorded over a wavenumber range from 4000 to 500 cm™'.

X-ray Diffraction Spectroscopy (XRD)

X-ray Diffraction (XRD) was employed to determine the degree of crystallinity of the chitosan
samples. XRD analyses were conducted at room temperature using a Shimadzu XRD-7000 apparatus
(Shimadzu Corporation, Kyoto, Japan), with copper Ka radiation (A = 1.5418 A), operating at 40 kV
and 30 mA. The chitosan samples were analyzed over a 20 range of 10.0 to 70.0 degrees, with a
scanning rate of 2°/min.

Raman Spectroscopy (RS)

Raman spectroscopy was performed using a Witec alpha300 system (Witec, Tennessee, USA).
The apparatus was equipped with a plain silicon (Si) sample supplied by Witec and operated with a
laser wavelength of 785 nm, providing a maximum laser intensity output. Observations were made
using a 100x magnification objective with a numerical aperture (NA) of 0.95. During operation, the
pinhole diameter was set to 100 pm, with an integration time of 50 ms and a grating of 600 grooves
per millimeter.

The spectral analysis focused on the 950 cm~1 region and used a Raman Edge Filter. The Raman
spectra were recorded with a high peak measurement of 2000 counts (CTS) and an integration time
of 1 second.

Degradation and Physical-Chemical Characterization of Chitosan (ISO 10993)

The degradation assay was planned from the samples” insertion into a blood plasma simulator
solution (SBF~7pH) that mimicked the physiological conditions at a temperature of 36°C in an
isothermal bath and calibrated the parameters’ constancy from a coupled thermostat. The sample
was placed in the solution at a ratio of 1 g to 10 ml. In the follow-up, time was established for the
measurement of the weights in the analytical balance and the definition of the degradation
parameters measured by the swelling index (GI), degradation index, and mass loss, as well as the
chemical analysis of the degradation measured by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of the samples before and after the assay [34,37]]. In the present study,
the assay was carried out under static conditions using the blood plasma simulator solution (SBF
pH~7), having the extreme condition of degradation (pH 5 potassium acetate solution) as control [40].
In this way, two types of tests were performed: the extreme solution (acetate); and the blood plasma
simulator solution (SBF). The scaffolds were immersed in solutions and analyzed at 7, 24, 48, 96, and
168 h35. The material was analyzed at O for reference and at times 1, 2, 7, 14, and 28 days for analyzing
degradation over time (ISO10993-5).

Evaluation of Degradation Parameters

Static Degradation indices were evaluated using the degradation index (ID), swelling index (GI),
and mass loss. Additionally, thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were performed after each experimental period of the Static Degradation Test to assess
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whether the material remained intact under physiological conditions compared to extreme
conditions (5% potassium acetate).

The swelling index (GI) measures the percentage change in mass of the material due to
absorption of the test solution, making it a common parameter for assessing degradation. This index
indicates the loss or gain of mass as a result of the material’s interaction with the test solution.

Cytotoxicity Assay of Chitosan Beads in Cell Culture

The scaffold was assayed for cytotoxicity by using the supernatant after contacting 1 g of sample
per 10 ml of fetal bovine serum-free DMEM (FBS) solution followed by serial dilutions. The scaffolds
were incubated for 24 h in a CO: incubator (Thermo Fisher Scientific, Third Avenue, USA). The
supernatant was then collected and taken by serial dilution and added onto the subconfluency cells
preplated on multi-well plates. Cells from mouse fibroblasts balb-c3T3 obtained from ATCC were
used. A total of 24,000 cells were plated in multi-well wells, incubated for 24-48 h, and the extracts
were added over the cells when in the subconfluence cells stage. After incubation for 24 h, the
cytotoxicity pattern was evaluated by classical parameters of cell viability evaluation: mitochondrial
activity by reduction of formazan blue (MTT).

The objective was to develop a modeling design based on experimental analysis, as illustrated
in Figure 2. The focus was on understanding the diffusion behavior of a solute contained within a
sphere into a solution of limited volume, initially free of solute, and determining the experimental
diffusion coefficient from laboratory data. Initially, the adsorption capacity of iron chloride on the
surface of chitosan carriers was evaluated, alongside the phenomena of swelling and wetting of the
carriers. Preliminary testing indicated that the spheres could adsorb approximately 50% of iron
chloride (iron chloride III hexahydrate) (Dinamica, Metaquimica Produtos, SC, Brazil) when
incubated for 24 to 48 hours.

Experimental Design
Experimental 1 Experimental 2
N
Adsorption capacity on the surface Controlled release test
L]
= eese
> » UV-VIs
= —
UV-Vis spectrophotometer > UV-vis
12 beads cast scaffold in iron chloride solution 24 and 48 hours 10mL of iron chloride 1-5 hours (first) and
E . tal 3 24-48 hours 5 consecutive days
Xperimenta 12 spheres in Ultra-pure water

as médium liquid

v

N

-
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i

»

b
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Spheres acid opening ing of the ant withou

p

Figure 2. Experimental design of the analytical part before modeling, authors.

Following this, experimental procedures were planned and executed to assess the release of iron
chloride from the chitosan carriers at various time points. In the initial phase, a test was performed
to determine the degree of iron chloride absorption on the surface of the carriers. Twelve beads were
incubated in 10 mL of iron chloride solution for up to 24 and 48 hours. Throughout all experimental
steps, monitoring and measurement of the finite volume concentrations were conducted using a UV-
Vis spectrometer (Bel Equipamentos Analiticos LTDA, Bel Engineering, Piracicaba, Brazil) with a 420
wave compression . The experimental evaluation and modeling were segmented into steps to allow
for more precise modeling. Time intervals of 1 hour were defined for 5 consecutive hours, and
measurements were taken daily for 5 days at consistent times each day (5-day interval checks).
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Development

The use of models to predict the release of micro-encapsulated drugs has received much
attention from the medical community for providing control of the diffusional kinetics that can be
modeled. The diffusion coefficient, D, can be determined according to the theory developed by
Crank* for diffusion in a scaffold with a known solute concentration for a limited and solute-free
volume solution. Through the Fick Laws for diffusion and admitting nearly spheres geometry and

ac _ (1 8 ( ,dC
E—D(r—z o (r ;)> @)

where C is the concentration of the diffusive species in the circular scaffold, r is the scaffold’s radius,

constant diffusion coefficient, we have:

and D is the diffusion coefficient.

For the case of diffusion of a scaffold immersed in a solution with a limited volume, the following
equations and principles apply:

Initial condition:

t=0e0<r>a,C=0Co 2)

Contour conditions
ac *
t>0,r=0,5=0,t>0,r=a,C=CL 3)

where ¢ is the time, 7 is the position concerning the center of the circular scaffold, a is the radius of the
scaffold, and Cv is the concentration of the diffusive species in the solution.

The resolution of the diffusion problem is based on the analysis of unidirectional linear flow.
This can be achieved through methods such as separation of variables or Laplace transforms.
According to the approach described by Crank [44], the concentration of the diffusive species in the
solution is given [36-39,94].

C 6o (1+oc)e~Dak t/a
o=1-3 W 4
where we have to:

a = the radius of the scaffold (cm)

t = the time (hours)

V = the volume of the solution (cm3)

n =number of the scaffold

Cic = substrate concentration at equilibrium

Lc = concentration

gn = terms of positive root different from zero, dependent on the values of a, described in Table
1 below, where a = the relation between the volume of solution and total volume of beads defined as

14
x= nama3 /3 (5)

Table 1. Terms (qn) of equation 4 (Eq.4) depend on values of the ratio between solution volume and
total ball volume () [44,94].

a qa qz qs q qs qs

o0 3.1416 6.2832 9.4248 12.5664 15.7080 18.8496
9.0000 3.2410 6,3353 9.4599 12.5928 15.7292 18.8671
4.0000 3.3485 6.3979 9.5029 12.6254 15.7554 18.8891
2.3333 3.4650 6.4736 9.5567 12.6668 15.7888 18.9172
1.5000 3.5909 6.5665 9.6255 12.7205 15.8326 18.9541

1.0000 3.7264 6.6814 9.7156 12.7928 15.8924 19.0048
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The experimental diffusion coefficient D of the sample can be calculated by separating variables
in a sequence of algebraic operations

Being Ax and Bu:
n= % n=123456 ©
B, = % n=123456 @)
Substituting Eq. 4 and Eq. 5 into Eq. 2, we have:
ik Y M .
Developing the Eq.8
1-% = Ale—DBl +A2€_DBZ + A39—033 + A4e—DB4 + A5€_D35 " A63_DBG )
x=e™® (10)
y=1-g4 (11)

Substituting Eq. 10 and Eq. 11 into Eq. 9 we have:
y=A1xP1 + Apx®s + AgxPs + AyxPa + Agx®s + Agxs (12)
Applying Ln in Eq. 10 we have:
D = —Ln(x) (13)

Calculation of Sample Experimental Diffusion Coefficient

Eq. 6 to Eq. 13 calculate the diffusion coefficient from the experimental data. The root of the
polynomial of Eq. 12 was obtained through the Principle of the Bisection method described in Eq. 14.
The interval of application of the method was defined by analyzing the signals of Eq. 13 so that the
value of the diffusion coefficient is D > 0, Eq. 15. The algorithm was implemented in the Fortran
language (Annex 2), with an error stopping criterion less than 1 x 10-.

a+

f@—-fb)<0 - x, = 2*b where a and b range and x0 the root (14)

2

S={x e R/I0O<x<1} (15)

With the data in Table 2 below, the experimental diffusion coefficient was calculated. A
coefficient of 8.583106 x 10-¢ cm?2/h was obtained.

Table 2. Data entry of the theoretical model of the concentration variation in the solution as a function

of time.
*Description Symbol Value Unit
Scaffold radius a 0.1 cm
Volume of solution 1% 10 cm?
Number of scaffold n 5 —

Tests time t 130 hours
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Infinite concentration in Cie 1 Mol
solution CLE

Concentration in time CL 0.79644876 Mol
solution

The starting point for a 0 —
applying the algorithm

The Final point for the b 1 ---

application of the

algorithm
Sphere radius a 0.1 cm
Volume of solution \% 10 cm3
Number of spheres n 5 ---
Tests time t 130 hours
Infinite concentration in
1 1
solution CLE Crr Mo
C trati in ti
oneentration m tme C 0.79644876 Mol
solution
Starting point for applying
. a 0 -
the algorithm
Final point for application of b 1

algorithm

* Greek symbols: a (alpha)\ 0 (partial derivative)\ m (pi).

The rate of drug release across a membrane can be expressed by the ratio dQ/dt, where D is the
diffusion coefficient, S is the contact surface area between the solution and the membrane, C is the
concentration difference of the drug across the membrane, and, [ is the thickness of the membrane
[40,60]. According to Fick’s law, this equation can be utilized to analyze the initial 60% of drug release
[40].

The beneficial mathematical model was developed by Lopes et al. (2015) to achieve a specific
release rate by calculating the size and shape of hydrophilic matrices. The Monte Carlo method,
which utilizes a random number generator, was implemented in the C++ programming language
[42]. Siepmann later expanded upon this model in 2008. Currently, various mathematical models are
applied to control drug delivery systems based on matrix-controlled mechanisms. Many of these
models are rooted in the diffusion concept developed by Crank and are used to simulate experimental
trials [43-45]. So, by understanding the conditions of the medium —such as predetermined volume,
pH, and the total volume of the solution before and after immersion—it is possible to predict the
surface adsorption behavior and the release mechanism through diffusion. This can be achieved by
calculating the controlled release coefficient using Fortran software, which is commonly employed
for simulating diffusion assays [45,46].
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Key parameters used in the modeling include:

A: the diameter of the sphere (1 mm)

a =3V/n4ma3: the volume of the solution producing the beads, using 6.25 mL

N: the total number of beads, which is 42.

This modeling approach, based on the diffusion coefficient obtained from experimental data and
Crank’s model, allows for the prediction of the release behavior of iron chloride under different pH
conditions. The behavior of iron and iron chloride in various pH environments was specifically
analyzed using the MEDUZA software [47].

The experimental and theoretical modeling of the controlled release from the spheres was
conducted, considering the factors involved in both practical experiments and different diffusion
mechanisms. And, in summary, considering the finite element approximation we can represent the
same system by the geometric form below:

Limited and solute-free volume solution

Circular Scaffold

Initial conditons
t=20,

- 0<r<a-~C=C(y

Contour conditons Where:
r=a, t = time;
t>0.-.C=Cg, r = position Concerning the center

of the circular scaffold;

a = radius of scaffold;

C = concentration of the diffusive
species in the scaffold;

C,, = concentration of the diffusive
species in the solution.

Results
Physical-Chemical Characterization of Chitosan Spheres

Scanning Electron Microscopy Analysis

SEM analysis of the dry spheres obtained after the lyophilization and drying step was used
before starting the controlled release testing steps. After lyophilization, the analysis of the spherical
samples showed a relatively homogeneous surface topography, presenting some pores and surface
concavities. Figure 3 shows the SEM image recording of a typical spherical sample. Figure 3 shows
the SEM image recording of a typical spherical sample. Besides that, EDS analysis showed chemical
element key from chitosan specimen (Figure 4) as a complement to the SEM analysis.
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Figure 3. Imagens scanning electron microscopy (SEM) of chitosan spheres obtained by freeze-drying.
(a) Chitosan sphere (left), (b) detail of Figure 2(a), showing the presence of concavity, contours, and
irregularities on the surface that represent concavity mesopore. On the sequence of images from the
left, their photo enhancements of 5000x%(b1), 1500x(b2), 1000x(b3)and 500x(b4).
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Figure 4. EDS obtained from chitosan beads (EDS).

The EDS analyzes related to the SEM obtained from the chitosan beads\ Elements-C, N, O, Na.
was possible to identified the specifc elements present in chitosan structure as elements detected: C:
58.17Wt%, 65.57 At%, N: 10.26Wt%, 9.92At%, O: 22.98Wt%, 19.45At%, Na: 8.59Wt%,5.06At%).

Analysis of Fourier Transform Infrared Spectroscopy (FTIR)

Chitosan should show bands in the regions of specific wavelengths (Tavaria, et al., 2013;
Demadis, et al., 2009). Thus, it is possible to identify spectrum-specific chemical clusters. The
spectrum, shown in Figure 4 below, showed that a peak appears for 3356 cm associated with NH
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also hydrogen bonding, and OH stretching. Asymmetric CH stretch can be seen from 2871 cm™ to
1424 cm™ viwed in Figure 5 below.

Transmittance / %

T T T T
2500 2000 1500 1000

Wavenumber (cm")

Figure 5. FTIR spectra: Spectra obtained by Fourier transform spectroscopy (FTIR) of freeze-dried and
dried spherical samples without adding any additive (control). First low-up spectrum (lyophilized
beads without additives), medium spectrum, cross-linked, and top—top spectrum (unprocessed)
chitosan before processing and selecting the best protocol defined.

The band in the region 1646 cm™ refers to the grouping’s vibrational mode related to C=0O. At
1571 cm™ primary stretching of NH can be seen. The peaks 1316 cm™, 1376 cm™, and 1261cm™
correspond to the bending vibrations of the primary, secondary, and tertiary CN connections. This
method is so important to prove the mainly chemical groups present in chitosan. The same elements
group chemical were presented in Negrea and Resende studies [50-52]. This technique is so specific
to prove the the nature of the chitosan compound.

X-Ray Diffraction Characterization (XRD)

The results showed that the spectrum of the spheres obtained from the chitosan has a semi-
crystalline profile, and the bands were considered to be major with an inherent peak in the 2-theta
region with peak intensity, as shown in Figure 6. The literature shows the chitosan as a semi-
crystalline element. So, this technique describes the identified and studied the crystal aspect. So, the

same way previous studies was led by Negrea and Resende showed the crystal chitosan usind DRX
analysis [50,51].
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Figure 6. Diffractogram of spheres obtained by the coagulation method and freeze-dried.

Raman Microscopy Characterization (RS)

The Raman spectrum was obtained from the Wintec-focus innovations. The Raman spectra of
the non-crosslinked and functionalized freeze-dried chitosan bead samples are shown in Figure 7.
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Figure 7. Raman spectroscopy of the chitosan beads after processing and lyophilization.

The chitosan scaffold presents a Raman spectrum of little intense bands, except for the
narrowband between 800 and 100 cm™. The N = N stretch of the group appears as a mean band at
1481 cm™.

The literature shows Raman in the same peak ranges in chitosan samples obtained by different
method [52]. The identification of chitosan chemistry formulate using Raman spectra through
spectrum peaks representing the chemical element has shown to be more fast method and does not
require purification of the sample nor dissolution of the chitosan in any solvent [53].

Chitosan Spheres Degradation Assay and Characterization of the Beads after the Tests

The thermogravimetric analysis was performed from the TGA analysis of the chitosan beads at
time 0 (zero), as shown in Figure 8, that is, before being conducted to the degradation assay which
was considered a control sample. At first, plasma body solution (SBF) as degradation solution on
experiments is used. Then, after the degradation test had elapsed for a further 21 days, the TGA
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thermogravimetric analysis was performed after 21 days to note the effect of the degradation after
the experimental test conducted in a blood plasma simulator (SBF), as shown in Figure 8.b below.
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Figure 8. a. Thermogravimetric analysis by TGA (control). Figure 8.b. Thermogravimetric analysis of
the scaffold by TGA after 21 days of degradation test in SBF (Blood Plasma Simulator).

This model to estimate chitosan degradation is ideal because to promotes the union of weight
loss with the investigation with their molecular degradation path followed by analyzing recorded
data from mass spectrometry measurements performed at different temperature conditions. So, their
corresponding thermal degradation mechanism was then established by searching for plausible
transition states interconnecting the chitosan sphere aspect [53,54].

Degradation Test of Chitosan Beads in Blood Plasma Simulator (SBF)

The degree of intumescence (GI) affects the sample’s ability to swell and absorb fluid. Thus, in
the over time at fixed pH = 7 in the simulant solution, it was found that the chitosan spheres can
absorb liquid either by the mechanism of diffusion of fluid or adsorption of molecules on its surface.
It can be complemented using thermogravimetric analysis [55,65]. The degree of intumescence is
shown in Figure 9. The DI measures the system’s ability from the sample to lose mass to the medium
and ultimately causes degradation of the material. The DI is shown in Figure 9 too. Finally, The mass
loss occurs as a profile of the percentage of the amount of mass lost over time. A linear trend
represents a mass loss. The mass loss is too shown in Figure 9 below.
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Figure 9. Degradation Test in SBF: Blue barr\Column graph showing the Degree of Intumescence
(GI) for the chitosan bead degradation assays in plasma simulant solution (SBF). Red bar\ Column
graph showing the degradation index (DI) for the chitosan spheres degradation assays in plasma
simulant solution (SBF). Yellow bar\ Representing the mass loss in the assay of degradation of
chitosan beads in blood plasma simulating solution over time in days.

Cytotoxicity Test of Chitosan Spheres in Cell Culture

The cytotoxicity test was tested using DMEM culture medium fetal bovine serum condition
when compared to the control group (pure culture of fetal bovine serum-free) was possible to
guarantee that not differentiates statistic between conditional of each type of sphere when compared
to each other. The chitosan obtained by process development is shown in Figure 10.
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Figure 10. Column plot depicting the MTT cytotoxicity assay for lyophilized and non-crosslinked
beads. The percentages represent the indirect contact test of the exposed granules in 24 h of DMEM

(pure extract (100%) and the concentration of 25% in comparison with the control group (0%),
demonstrating that for both conditions, there was no cytotoxicity. Error bars represent 95% CI.

Controlled Release Test

In the release assays, it is seen that the carrier can release the iron chloride for up to 5 h and also
for 5 days following a similar and relatively constant pattern at one (1) hour intervals with an average
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rate of controlled release over these 5 h thus maintaining the same pattern. Besides, the same
experiment was delineated in the same manner, and the release pattern after the initial incubation of
12 spheres in initial 10mL in 4 mL of iron chloride was checked for 5 consecutive days.

Diffusion Model in Spheres with Known Solution Concentration for Solution

The theoretical model was implemented in the Fortran language, which had as data input the
values shown in Table 3, and in Table 4 can be observed the experimental data. The model response
was obtained in a text file and plotted through the Origin software, as can be verified in Figures 11
and 12. The diffusion coefficient D used was 3.1 x10-¢ cm?/h obtained inversely by the least-squares
method, considering the first 4 h where there were only the solute release phenomena.

Table 3. Input of the theoretical model of the concentration variation in the solution as a function of

time.
Description Symbol Value Unity
Ray Sphere a 0.1 cm
Solution Volume \Y% 4 cm?®
Number of Spheres n 12 ---

Table 4. Data entry of the theoretical model of variation of concentration in the solution as a function

of time.
Concentration in the Liquid Concentration in Balance
Ti h L/CLE
o CLfmol] CLE [mol] cre
1 0.04912 0.10000 0.4912
2 0.06843 0.10000 0.6843
3 0.07204 0.10000 0.7204
4 0.08045 0.10000 0.8045
24 0.05987 0.10000 0.5987
48 0.04421 0.10000 0.4421
72 0.04211 0.10000 0.4211
10 Diffusion of de the Solure in the Sphere for Solurtion in Limired Volume
2 L
! _ 4 _ < 6x(x+ 1) exp (— Dgit/a*)
- CLCLE=1— 3 e '
0.8 Mo del_
—— Experimental
5 07 Radius of sphere (a) =0.1 em
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8 Volume of solution =4 cm’
Diffusion coefficient(D)=3.1x 10~ em*h
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057 \\
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Figure 11. Scatter model of the solute diffusion model of the sphere for a limited volume solution with
theoretical and experimental data of the CL/CLE relation as a function of time up to 72 h.

The Figure 11 shows the release and absorption of the solute by the spheres, which showed a
behavior with great release capacity in the first 4 h, reaching a maximum value of CL/CLE of 0.8045,
which justifies a high coefficient of diffusion. After the first 4 h, the spheres began to absorb the solute,
which we can observe until 72 h.

The Figure 12 shows that only the spheres’ release behavior can be observed in Figure 12, and it
is concluded that the experimental comparison with the model shows a good correlation presenting
a square R of 98.75.

Diffusion of de the Solute in the Sphere for Solution in Limited Volume

1.0
, _ 1— 3 Sxlx+1)exp(— Dgjt/a?)
0.9 CLCLE = ,,Z, 9+ 9ux + g’ ’
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Square R =98.75
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Figure 12. Graph of the diffusion model of the solute of the sphere for limited volume solution with
theoretical data and experimental of the CL/CLE ratio in function of the time until 4 h.

Modeling the different iron (Fe) arrangements as a function of pH variation.

Different perspectives on the behavior of iron and its availability at different pH values were
evaluated before selecting the iron chloride to be loaded onto the surface of spherical chitosan carriers
[94,95] in Figure 13 below. Thus, the speciation defined by IUPAC is the occurrence of a chemical
element in different forms in a system and the bioaccessibility, toxicity, and mobility of metal ions in
the controlled release is directly linked to speciation. We can thus illustrate speciation through
modeling using the Meduza® software (Informer Technologies, USA) .

Thus, the modeling of Fe3* and Fe?* ion speciation is shown in Figure 13.
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Figure 13. Modeling of ionic speciation of Fe3 + and Fe2 + ions (Medusa software).
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Figure 14. Fe arrangement in the formation of iron chloride in the fraction of Fe? and Fe®" under
different pH conditions (software Medusa).

Discussion

Many studies with chitosan have been reported in the literature, and some of chitosan spheres
but not with the same protocol design sequence or reagent parameters used, so the developed
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protocol for obtaining and characterizing the spheres was done after several previous experiments
and tests and some tests are necessary to obtain parameters such as topography, cytotoxicity and
degradation tests with simulation of different in vitro conditions were designed specifically for this
work, all protocol parameters were developed in our laboratories.

The topographic surface is important in the interaction and biointeraction with cells and
biological fluids of the human body. The spheroidal shape and the corrugation’s surface topography
contours and irregularities present on the surface of the chitosan sphere stand out. Similar aspects
were also seen by da Silva [39,77]in zinc-hydroxyapatite granules. In addition to the chitosan spheres
obtained by Tavaria et al. (2013), although not subjected to the lyophilization process, they also
presented the spherical shape and similar aspects Demadis (2009), although they present spheres of
smaller size compared to those obtained in our work. It is important that spherical geometry
reproduces minority energy systems and it is more stable as a biomaterial application. We see
previously measured concavities with diameters ranging from 283 um to 434-450 um and with
composition obtained qualitatively by EDS from the spheres in the SEM image. Moreover, the specific
diameter obtained in this experiment is ideal for application in critical bone defects as a drug carrier
scaffold. Ensuring that the protocol for obtaining the chitosan sphere is capable of generating a
product with the key chemical groups necessary for the production of the biomaterial is very
important, so analyzing the groups that act as fingerprints is necessary. So, Figure 4, can see mainly
the chemical element found explicitly in the chitosan granules scaffold from FTIR analysis.
Fingerprint of mainly chemical groups is important to identified. These same bands were also seen
by Negrea et al. (2015) during the characterization of chitosan films. An antisymmetric stretching
band was observed at 1155cm™ C-O-C corresponding to the 3-glycosidic bond (1-4), namely the
saccharide structure. The elongation observed in 1067 cm™ cyclic CO, and 899 cmindicates Resende
et al. (2010) that the bands are present wide due to the macromolecule and intermolecular bonds’
inherent properties interact the hydrogen. The obtained parameters were shown to be consistent and
similar to those obtained by Luyen (1996) and the objective was to prove the chitosan beads by
demonstrating the chemical groups that make up the chitosan chemical structure [91].

The main parameter that determines chitosan properties, besides the molecular mass and degree
of deacetylation, is the polymer’s crystallinity. The chitosan has three different morphisms: non-
crystalline, hydrated crystalline, and anhydrous crystalline identified by XRD. The hydrated form of
chitosan reveals an acute peak at the angle 20 =10.4° and a peak weak at 20 =20°-22°. The anhydrous
form is characterized by an acute main peak at 20 = 15°, and an additional angle at 20 = 20°, and the
amorphous form has only an acute peak at 20 = 20° [56,57,91,96].

In relation to the analysis of infrared spectroscopy, we can observe the N = N stretch of the group
appears as a mean band at 1481 cm™, also found by Martins (2016) (Souza, et al., 2015). Various
deformation vibrations of polysaccharides backbones represent the Raman bands at 1462 and 1369
cml. The band at 1109-1200 cm™ was attributed to the symmetric stretching vibration of glycosidic
C-O-C groups [90-92]. So, these first analysis showed de fingerprint classical of the chitosan material
structure. Besides that, complementary analysis was performed as TGA analysis.

It was necessary to evaluate the degradation test which demonstrates the behavior of the
material in an inference of in vivo conditions through initial in vitro tests in SBF solution (body
plasma simulation), the new TGA analysis has elapsed another analysis under the same previous
TGA conditions for 21 days in the SBF solution. In this work, we use the ISO10993-5 as experimental
base. The experiment degradation was performed in extreme solution potassium acetate to the
promoted total dissolution of the chitosan spheres, making it impossible to evaluate the degradation
test response through TGA and DSC analysis after 21 days of degradation assay using the extreme
solution. Other authors contribute to using the chitosan material degradation test in SBF [97,102].

In the experimental test of SBF degradation, it was found that it did not affect the temperature
of the initial band of the mass loss (around 85°C), and the degradation profile of the initial and final
samples remained similar [97,102]. There were small modifications in the calorimetry difference
profile (DSC) comparing the initial and final conditions. The total mass loss occurred in the range
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between 40 and 85°C. The analysis of thermal degradation was carried out using TGA and DSC.
Degradation tests are so import to infer in vivo responses in humans from in vitro tests.

In the initial times, the material’s degree intumescence was minimal, and in the final test times
(7, 14, and 21 days swelling reached higher percentages) suggest an osmose effect or weakening of
polymer chain bonds over time. The Degradation Index (DI) measures the system’s ability from the
sample to lose mass to the medium and ultimately causes degradation of the material. In DI the case
of biomaterial, this factor is of extreme importance since the biomaterial buried in the human body
must exert its action and undergo hydrolysis and degradation by the human organism to finally be
replaced by human tissue instead of the critical defect. Thus, the DI affects the medium’s effect on
the percentage loss of mass of the sample [95]. In Degradation (DI) tests, it was possible to verify that
the maximum mass loss occurred at 7 days in SBF solution, and even though it was a biocompatible
medium, the material suffered degradation and degraded over time

The mass loss parameter occurs as a profile of the percentage of the amount of mass lost over
time. A linear trend represents a mass loss. It is observed that there was a downward tendency
initially to have an abrupt initial mass loss (10%) followed by a decrease; however, from day 7, this
mass loss occurred in a progressive and ascending manner having its highest point occurred during
21-day assay in blood plasma simulator (SBF) similar profile was studied by Schiitz et al. (2011). The
in vitro assessment of mass loss contributed to the most approximate understanding of biomaterial
degradation when applied to humans, and it is essential to assess the degradation parameters by
means of in vitro tests. Besides that, In this case, it is important to state that the formation of
complexation was not evaluated, since the release mechanism controls the data from chitosan
scaffolds, which occurs mainly through weak chemical bonds and the phenomenon of adsorption
and desorption of the chemical element, in this case iron, which was evaluated in UV-Vis equipment
operating at a wavelength of 420.

It is interesting to evaluate the possibility of applying the sphere protocol developed in relation
to previous clinical application tests such as in vitro cell culture. For this it is interesting to prepare
the extract of the biomaterial properly about 24 hours before and processed in culture medium
without fetal bovine serum and perform the in vitro test using standard 1SO19993-5 protocol in
established strains for future certification purposes. So, in the cytotoxicity assay, it was possible to
determine that for the test conditions of the biomaterial diluted in DMEM culture medium without
fetal bovine serum compared to the control group (pure bovine serum-free culture medium), there
was no statistical difference between the conditions of each type of sphere compared to each other
[45,69-71]. All conditions showed cellular viability for IC50, demonstrating that it was possible to
predict that there was no cytotoxicity in freeze-dried chitosan beads with this experiment. According
to the above graph, we can verify that there was no cytotoxicity in any condition of extract (25%) and
(100%) in the lyophilized spheres without the addition of a crosslinking agent showing that this
sphere presents a very great potential for future use as a cellular framework for regeneration and
bone repair in tissue engineering. It is known that similar studies have also been found by (Lima et
al., 2011) [70-73]. However, this cytotoxicity index may vary depending on the use or not of the
crosslinker. In our work, as we did not use crosslinking agents, it was found that the process proposed
to obtain the chitosan spheres did not affect the noncytotoxicity of the chitosan sphere and the
spherical framework was then considered as not cytotoxicity, so viability.

Degradation

The experiments with the chitosan spheres degradation showed that the release of these
microspheres in iron chloride medium initially followed a linear tendency and with a relatively
constant profile in the different times of 5 h and also in the 5 consecutive days, which corroborates
the literature in the capacity of the carrier obtained being able to absorb and release molecules into
the medium in a limited volume (The spheres had 40% of iron chloride incorporated). The model
proposed in this paper correlates the calculations from the release products to a limited volume [74-
76]. The freeze-dried porous chitosan microspheres were chosen to be the basis of the experiments. It
shows a lower burst effect in the UV-Vis measurement intervals in the initial times, besides
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maintaining the standard throughout the tests, higher desorption and absorption capacity than
conventional carriers [76].

The literature shows that non-lyophilized chitosan carriers exhibit chitosan forms with two
major disadvantages: acidic solubility, which makes it difficult to recover, and low surface area,
which limits access to unexposed adsorption sites (amino groups), decreasing speed and adsorption
capacity [77]. These properties cancel out further processing steps, including lyophilization of the
beads, thereby maintaining the beads’ shape and size without loss to the medium solution.

The great importance in the therapeutic application as drug release in these systems is the longer
the drug stays in the bloodstream — increasing its effectiveness compared to the administration of
these drugs, without a carrier; however, this application for the moment has only prospects of local
application, and if possible in critical defects (those that alone do not heal on their own). Besides,
these carriers” development has demonstrated some advantages, such as reducing systemic toxicity,
safer administration, and vectorization to the desired sites. Thus, chitosan can function as a guideline,
thus ensuring controlled release at specific sites for longer at its site of action[78,79].

The results showed a release pattern representing the spherical chitosan carriers’ release pattern
when using the iron chloride applied to the Crank method. Similar results and graph profile were
found in some studies using carriers, including the study of Tavares et al. (2015) [80]. Other carriers
also had their controlled release modeled by the Crank method as described [78,94]. Being chitosan,
the second natural source for use as carriers most abundant alongside cellulose, a natural amino
polysaccharide, non-toxic, biocompatible, antibacterial, and biodegradable has led to significant
research in biomedical and pharmaceutical applications such as drug administration, tissues, and
wound healing dressings [82].

According to previous experiments, it has been found that it is an ideal material for controlled
release. The primary amine group in chitosan is responsible for its various properties, such as cationic
nature, controlled drug release, mucoadhesion, in situ gelations, and antimicrobial. Thus, various
forms of chitosan materials, such as spheres, films, microspheres, nanoparticles, nanofibers,
hydrogels, and nanocomposites, as a drug delivery device and attempted to report the vast literature
available on chitosan-based materials in drug delivery applications Lopes (2005). As a hydrophilic
matrix system with good pharmaceutical application properties [84] chitosan-based nanomaterials
also emerge as promising carriers of therapeutic agents for drug release due to good biocompatibility,
biodegradability, and low toxicity and can be prepared by the mini-emulsion, chemical or ionic
gelation, coacervation/precipitation, and spray drying methods. As alternatives to these traditional
manufacturing methods, self-organizing chitosan carrier nanomaterials also emerge as an alternative
route or association with traditional routes in that they present significant advantages and have
received increasing scientific attention in recent years[85,86].

The spherical shape chosen was given for 2 reasons: it describes a system of lower energy. Also,
it mimics structures of similarities of size and organization when instituted the batch size range
similar to structures that follow patterns of organization similar to structures organized with
functions, and particular properties can be obtained without complicated further steps of processing
or modification. The direct procurement aspect of chitosan carriers directly interferes with drug
administration applications of different agents [86-88].

About the modeling itself, we used the diffusion coefficient to obtain the classical spherical shape
of the scaffold obtained and consider as calculation the diffusion coefficient the following parameter.

In some studies, these parameters can be modified as a work in which the diffusion of cowpea
beans is considered a spheroid. There is another way of evaluating the diffusion coefficient according
to the drying temperature, and also temperature variations as analyzed using the Arrhenius model
described below; however, in our case, we consider fixed temperature and pH as it occurs in the
environment of the cavity oral, where A is the constant (m? s); E is the activation energy (J mol™); R
is the universal gas constant (8.314 ] mol K), and T is the absolute temperature K. In our
experiment, the diffusion coefficient was considered the supernatant medium, the continuous flow
and also the release sequence in the obtained medium by UV-vis spectrophotometry, and we do not
vary the temperature since we consider the human body temperature to be fixed in which the real
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condition is not variable [89]. In this way, the article also predicts that the effective diffusion
coefficient of a sample when in liquid media should also be considered the calculation of the factors
of moisture coefficient and use of the adjustment of the mathematical model of diffusion also
considering the medium of diffusion in the form and liquid diffusion is the main factor that governs
the movement of water among other phenomena [89,90]. Thus, for the described experimental data
of the drying of cowpea beans, there was also the need to adjust using the second law of Fick,
considering the geometric shape of the product as spherical, disregarding the volumetric shrinkage
of the grains and considering the contour condition of known water content on the grain surface. The
chitosan sphere is very stable and does not require adjustments in the calculation during modeling.

The criterion made iron as iron chloride as the carrier of choice used for feasibility, cost, and ease
of using iron chloride as the iron component carrier with the first resource. It is known that iron still
as nanoparticles or at nanoscale iron has its capacity for improved adsorption, so when using iron
chloride molecules in the molecular form we approach this advantage due to the increase of surface
area and active sites. Nanoparticulate iron has a range of applications in situ, and its great capacity
to reduce and stabilize different types of ions gives this material enormous flexibility in its use [91-
93]. According to Fuet al. (2014), numerous articles published in recent years have investigated water
remediation technology using iron nanoparticles, exploring different aspects of science and
technology in this field for many applications.

About the selected models when used to represent the experiment, we have seen that
mathematical model already existent in the literature are applied to simulate the release of active
principles contained in polymeric microcapsules of the matrix type in a solvent: application of the
2nd. Fick’s law from the diffusion coefficient (D) can be determined according to the theory
developed by Crank for diffusion and those used, we can also mention the linear driving force model,
the Monolithic Solution model, and other semi-empirical models. It is known that the first Law of
Fick does not cover the phenomena of interaction between components, contradiction, osmotic
effects, effects of pressure or stress, and or fields of force; in the end, it should be stated that Fick’s
law is adequate to describe simple diffusion in a binary mixture and was quite useful. The second
law of Fick is usually used for diffusion in solids or liquids at steady-state and for an equimolar state
of counter-diffusion in gases [93-95] that Equation below is similar to the equation for the conduction
of heat, and the following equation is obtained from the Fourier law. Many physical situations have
already been solved analytically based on Fick’s law [95].

Mathematical modeling of the release of the active principle and its predictability of release is
an area that tends to steadily increase its studies due to the academic and industrial importance with
enormous potential for the future. Due to significant advances in information technology, in situ
optimization of new drug delivery systems can significantly improve the accuracy and ease of its
application. The use of mathematical and computational tools should be routinely used to improve
the design of new pharmaceutical forms [96].

Thus, the speciation defined by IUPAC is the occurrence of a chemical element in different forms
in a system and the bioaccessibility, toxicity, and mobility of metal ions in the controlled release is
directly linked to speciation. We can thus illustrate speciation through modeling using the Meduza
software (Informer Technologies, USA) [97-99].

The simplest mechanism of action in the modeling application involves attempting to simulate
the diffusion condition, especially in a liquid medium, infinite volume. Thus, it is assumed from the
principle of diffusion where the second law of thermodynamics will flow from a region of greater
concentration to the one of lower concentration of a particular chemical species. This chemical species
is called a solute. The regions containing the solute may harbor different chemical species, which are
referred to as the solvent. In this environment, the phenomenon of mass transfer occurs. The scaffold
of chitosan as the carrier was shown to be simple and versatile in the application as versatile
adsorbents for the removal of anionic and cationic species in aqueous medium, especially when iron
chloride as a carrier [96,97].

Iron is a non-toxic metal and can be found in the divalent (Fe (II)) and trivalent (Fe (III)) forms.
Iron species present in aqueous environments depend on pH and redox potential®. Iron speciation
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under varying pH and potential redox conditions shows the distribution of inorganic Fe (III) species
as a function of pH[101].

Figure 15 above shows the modeling of the ions of the agent carried by the scaffold (iron
chloride) present in an aqueous solution and based on the nature of the chemical used (iron and its
variations). The conditions of the iron ions arranged to be transported inside the chitosan sphere were
modeled according to the pH variation with the MEDUSA software’s aid. According to Owens et al.
(2016), information about the nature and extent of the adsorbent in suspension and the system’s
physico—chemical properties are considered relevant, with pH values being the main parameter to be
fixed. In this way, the adsorption and sorption of ions are better understood through the molecular
standard’s isotherms at different pH scales. It is possible to observe in Figure 15 different forms of
ferrous chlorides and ferrous ions at pH values below 4. However, at pH values close to 7, the
concentration of Fe?" indicates the formation of Fe(OH).. For the use of iron chloride as a carrier
source, the feasibility, cost, future application, and biocompatibility of this component were
evaluated; however, it is important to say that iron behavior varies directly depending on the
variation in pH by Owens et al. (2016). The ideal is to define the optimum pH and model iron’s
behavior under different pH values (Figure 13).

It is known that Fe (II) is one of the most important oxidation states and forms many complexes,
the main one with hemoglobin and iron replacement is important even in cases of blood anemia
(Shubham). Iron in the diet is absorbed in its ferrous form (Fell) in the duodenum and transported to
enterocytes by the divalent metal transporter (DMT1). In regions of neutral and alkaline pH, the
reduction potential of iron in an aqueous solution favors the oxidation state of Fe* and the acid pH
values favor the oxidation state of Fe?". However, Fe (II) requires the presence of a reducing agent to
become Fe*. In general, Fe (III) is adsorbed by a cation exchange process and can form complexes
when in the presence of water that can be available by absorption e desorption. The formation of iron
chloride is favorable in acidic conditions, and its formation does not promote macro-structural
changes on the surface of the chitosan granules, as observed in the experiments; thus, Figure 14 shows
the fraction of the Fe?* and Fe?* species as a function of the pH values.

Iron species present in aqueous environments depend on pH and redox potential [100]. Iron
speciation under varying pH and potential redox conditions show the distribution of inorganic Fe
(III) species as a function of pH[101,102]. The conditions of the iron ions arranged to be transported
inside the chitosan sphere were modeled according to the pH variation with the MEDUSA software’s
aid”1%, So it is important that pH values being the main parameter to be fixed. In this way, the
adsorption and sorption of ions are better understood through the molecular standard’s isotherms at
different pH scales. So, thus, the modeling of iron chloride by the meduza software can predict
different behaviors depending on the pH, which helps in planning the development of the spherical
chitosan scaffold, as well as in the proportion and specimen of iron chlorine to be used depending on
the pH of the region. to be applied [103-107].

4. Conclusions

This work made possible the development of the synthesis of a new protocol chitosan carrier,
maintaining all the characteristics and properties inherent to chitosan as initial raw material, being
confirmed by the physico-chemical analysis and analysis of the parameters: favorable topography
by cell spreading (SEM, semi-quantitative analysis), identification of functionally chemical groups
(FTIR and Raman), and degree of crystallinity and semi-crystalline polymer (XRD). It was possible
to predict the controlled degradation of the material by the classical tests of degradation and analysis
of the degree of swelling, ID, and loss of mass. The spherical chitosan carrier biomaterial is
noncytotoxic from the cytotoxicity assay’s cell death parameter that evaluates mitochondrial activity
(MTT assay). Analysis of iron release in the form of iron chloride and adjustments of specific
parameters, it was possible to make the interrelationship of experimental data with classic
simulations adsorption and release on the surface of iron chloride obtaining a response between the
experimental part delineated and interrelated with the simulation models used from the Fortran and
Meduza software and with that try to predict the release response from an unpublished trial and
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simulation leading to reagent savings, time, and cost of spherical chitosan no reticulated.
Experimental predictability helps plan other similar assays by modifying fixed model parameters
and thereby obtaining a standard-type profile for these types of assays, including spherical chitosan
scaffold.
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