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The constant demand for biocompatible and non-invasive materials for regenerative medicine in accidents and
various diseases has driven the development of innovative biomaterials that promote biomedical applications.
In this context, using sol-gel and ionotropic gelation methods, zinc oxide nanoparticles (NPs-ZnO) and
chitosan nanoparticles (NPs-CS) were synthesized with sizes of 20.0 nm and 11.98 nm, respectively. These
nanoparticles were incorporated into chitosan scaffolds through the freeze-drying method, generating
a porous morphology with small (<100 um), medium (100-200 pum), and large (200-450 pm) pore sizes.
Moreover, the four formulations showed preliminary bioactivity after hydrolytic degradation, facilitating the
formation of a hydroxyapatite (HA) layer on the scaffold surface, as evidenced by the presence of Ca (4%)
and P (5.1%) during hydrolytic degradation. The scaffolds exhibited average antibacterial activity of F1 =
92.93%, F2 = 99.90%, F3 = 74.10%, and F4 = 88.72% against four bacterial strains: K. pneumoniae, E.
cloacae, S. enterica, and S. aureus. In vivo, evaluation confirmed the biocompatibility of the functionalized
scaffolds, where F2 showed accelerated resorption attributed to the NPs-ZnO. At the same time, F3
exhibited controlled degradation with NPs-CS acting as initiation points for degradation. On the other hand,
F4 combined NPs-CS and NPs-ZnO, resulting in progressive degradation, reduced inflammation, and an
organized extracellular matrix. All the results presented expand the boundaries in tissue engineering and
regenerative medicine by highlighting the crucial role of nanoparticles in optimizing scaffold properties.

Introduction

According to the World Health Organization (WHO), for every
100 000 people worldwide who suffer severe injuries compro-
mising body tissues, 8% die during the treatment stages. At the
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same time, many do not achieve satisfactory outcomes due to
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a lack of biocompatibility and availability.' This highlights the
need for research in the field of tissue engineering, aiming to
develop materials that enable the restoration, maintenance, or
enhancement of tissue functionality.?

Generally, biopolymers have been used due to the stimulating
interaction with different cells, which causes the absence of an
immune response.” However, these biopolymers have poor
mechanical properties, and their poor water barrier results in
a low recovery rate and a low synthesis rate.* On the other hand,
synthetic polymers possess good mechanical properties but have
more immune responses related to non-stimulation of cell
adhesion and proliferation.® In this sense, several researchers
have focused on generating nanocomposites where these poly-
mers are present to overcome each polymer's barriers. Among the
synthetic polymers are polyvinyl alcohol (PVA), polylactic acid
(PLA), and polycaprolactone (PCL), among others. At the same
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time, among biopolymers, the most used is chitosan (CS) because
it stimulates good adhesion and cell proliferation.® Additionally,
the addition of plasticizing agents such as essential oils or
inorganic agents with biocompatible properties and antimicro-
bial activity such as zinc oxide nanoparticles (NPs-ZnO) is
emerging as a promising alternative to the mechanical, thermal,
or biological challenges of the scaffold to be created.”

CS is a natural polymer derived from modifying chitin, the
primary constituent of crustacean shells. It is a binary compound
of glucosamine linked to N-acetylglucosamine, widely recognized
for biomedical applications.® As mentioned above, CS has wide
applications in the biomedical field, especially in subdermal or
bone tissue engineering, due to its low immune response and
excellent biodegradation.” Additionally, this material has been
evaluated with different materials such as nanofillers, polymers,
and ceramics with the condition that these materials have good
biocompatibility and cell proliferation properties to overcome the
barriers of CS, such as its low solubility and poor mechanical
resistance in biological fluids.'*™**

For this reason, there is a need to synthesize and function-
alize nanostructured compounds to enhance these scaffolds’
strength and mechanical compatibility. Incorporating these
particles alters the properties of the scaffolds at the nanoscale
level, providing the durability and resistance necessary to
optimize their ability to maintain and stimulate tissue regen-
eration. Specifically, chitosan nanoparticles (NPs-CS)** and zinc
oxide nanoparticles (NPs-ZnO)'* are prominent examples in
nanotechnology applications. NPs-CS demonstrate excellent
biocompatibility in targeted drug delivery and tissue engi-
neering."® On the other hand, NPs-ZnO, with their antimicrobial
properties, high chemical and thermal stability, and low
toxicity, contribute to improving the hygiene and durability of
the materials they constitute."”

Different research groups have developed CS-based scaffolds
incorporating different molecules such as PCL, collagen, or
carbonaceous nanomaterials and found that these types of
scaffolds effectively promote the generation of subdermal
tissues.’®* Additionally, the antimicrobial activity of CS is
essential because it does not induce an immune response
around the scaffold. Studies on the incorporation of metal
nanoparticles have shown that these materials can reduce the
minimum inhibitory concentration, in other words, increasing
their biocompatibility in the medium of administration in the
human body, either through a scaffold or a drug.*® Ruan and co-
workers developed a scaffold based on CS-ZnO and NPs-Se
using the freeze-drying method, where they showed antimicro-
bial activity against S. aureus and E. coli bacteria; in addition,
a significant improvement of CS-ZnO/NPs-Se scaffold in
comparison with CS was observed in planimetric and histo-
pathological indices, causing a total wound closure.”*

Ramzan and co-workers reported the synthesis of CS, sodium
alginate, and elastin-based scaffolds with NPs-ZnO, where they
exhibited fluid absorption capacity for cell attachment and
growth as well as demonstrated high activity against E. coli and S.
aureus bacteria, making it a promising and effective candidate for
the treatment of chronic wounds and skin regeneration.? Tayebi
and co-workers reported the synthesis of PCL/CS films
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incorporated with NPs-CS, demonstrating that adding NPs-CS
improved biocompatibility and cell adhesion.*

Despite the higher number of investigations in tissue engi-
neering using CS and metal nanoparticles, there have been
no investigations involving NPs-CS, NPs-ZnO, and CS where
biocompatibility under in vivo and in vitro conditions has been
evaluated. In this work, we assessed the preliminary biocom-
patibility of four CS/NPs-CS/NPs-ZnO composite formulations
based on subdermal implantations in vivo of Wistar rats and in
vitro studies with Baby Hamster Kidney fibroblast cells (BHK-21).

Materials and methods
Materials

In this research, zinc chloride (ZnCl,, 98% purity), sodium
hydroxide (NaOH, 98% purity) purchased from Lobachemie,
isopropyl alcohol (2-propanol; 99.8% purity), sodium tripoly-
phosphate (TPP, 85% purity), low molecular weight chitosan (1
x 10° g mol™") with a degree of deacetylation of 75%, and
a viscosity of 494 cP acquired from Sigma-Aldrich® and glacial
acetic acid (CH3;COOH; 100% purity, diluted to 1% v/v)
purchased from Supelco® were used.

Experimental
Synthesis of NPs-CS

The synthesis of NPs-CS was carried out according to the reported
methodology, using sodium tripolyphosphate (TPP) as the cross-
linking agent.> Two solutions were prepared: the first one con-
tained 1% v/v acetic acid, to which 2 g of low molecular weight
chitosan was added using an analytical balance RADWAG AS
220.R2 (RADWAD, Poland). This mixture was stirred for 24 hours
at room temperature to dissolve the chitosan completely.
Subsequently, the pH was adjusted to 5.2 using a 1 N NaOH
solution. The second solution was prepared by adding 96 mg of
TPP to 100 mL of ultrapure water obtained from a Direct-Q® 3UV
distiller (Millipore, Darmstadt, Germany) with a water resistivity
of 18.2 Megaohms (MQ). This solution was stirred until
completely dissolved and then dropwise added to the first solu-
tion while stirring for 30 minutes. The final solution was centri-
fuged for 20 minutes at 3200 rpm using an SL 8R centrifuge
(Thermo Scientific, Dreieich, Germany) to form pellets. These
pellets were separated from the supernatant and placed in an LC-
FD-06H lyophilizer (Miiller Scientific, Zhengzhou, China), where
they were frozen at —50 °C for 8 hours. Subsequently, the
lyophilization (freeze-drying) process was initiated by applying
avacuum using a 2XZ-4 rotary vane vacuum pump (East vacuum,
Beijing, China) until reaching 5.5 Pa, which removed all the
solvent from the solution over 72 hours.*

Synthesis of NPs-ZnO

The nanoparticles were synthesized according to the procedure
reported by Becheri.”® To do this, two solutions were prepared.
The first solution was made with 5.5 g of ZnCl, in a beaker
containing 200 mL of distilled water. The second solution
consisted of 5 M NaOH. Once the solutions were prepared,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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small volumes of 5 M NaOH were taken with a disposable
syringe and added dropwise to the first solution. The mixture
was then constantly stirred on a Scilogex hot plate (SCI550-2,
EU) at 900 rpm, maintaining the temperature at 90 °C for 10
minutes. Subsequently, the obtained suspension was collected
by vacuum filtration and washed with distilled water to reduce
the concentration of sodium chloride (NaCl). Next, the nano-
particles were dispersed in a Branson Bransonic® CPX Digital
Bath 2800 ultrasonic bath (Bransonic, Danbury, USA) for 12
minutes at a frequency of 40 kilohertz (kHz) with 230 V power
and mixed with 2-propanol for 10 minutes at 20 °C. Addition-
ally, the ZnO-NPs were centrifuged at 5000 rpm for 15 minutes
to wash with 2-propanol thrice. Finally, the nanoparticles were
calcined in a Nabertherm LHT 02/18 furnace (Lilienthal, Bre-
men, Germany) at 250 °C for five hours.”

Synthesis of chitosan scaffolds with inclusion of NPs-CS and
NPs-ZnO

The scaffolds were synthesized following Mohandes and
colleagues’ modified protocol.”® First, a 2% v/v glacial acetic acid
solution was prepared, which was used to dissolve the chitosan
from the four proposed formulations (Table 1). The nano-
particles in each formulation were dispersed in distilled water
using ultrasound for 30 minutes at a frequency of 40 kHz with
a power of 230 V. After achieving completely dispersed and
homogeneous solutions, the solvent was removed by freeze-
drying at —50 °C and 5.5 Pa over 96 hours.”

Characterization of chitosan NPs-CS and NPs-ZnO

Fourier transform infrared spectroscopy (FT-IR). The func-
tional groups of the nanoparticles were chemically character-
ized wusing Fourier-transform infrared spectroscopy on
a Spectrum Two FT-IR Spectrometer (PerkinElmer, Houston,
USA) with a spectral range of 500-4000 cm ', employing the
transmission mode with a diamond point method and a reso-
lution of 4 cm™".3°

Dynamic light scattering (DLS). For sample preparation, the
required amount of NPs-CS and NPs-ZnO was taken to prepare
a 0.1 mg mL ' suspension, using deionized water as the
dispersing medium. Subsequently, the samples were subjected to
ultrasound for 5 minutes until homogeneous dispersion was
achieved. Finally, the samples were analyzed at a temperature of
25 °C, with quintuplicate measurements to determine the hydro-
dynamic radius using a Zetasizer Ultra Lab Red ZSU3105 instru-
ment (Great Malvern, England, UK).*

Table 1 Proposed formulations for scaffold fabrication with inclusion
of NPs-ZnO and NPs-CS

Formulations
Compounds F1 F2 F3 F4
Chitosan (mg) 2000 1900 1900 1900
Zinc oxide nanoparticles (mg) — 100 — 50
Chitosan nanoparticles (mg) — — 100 50
Acetic acid (mL) 100 100 100 100
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The polydispersity index (PDI) was calculated using the
average diameter of the nanoparticles with eqn (1):

0.2

PDI= (1)

where o is the width of the size distribution or dispersion, and u
is the average diameter of the nanoparticles.

Transmission electron microscopy (TEM). A Philips Tecnai
12 Transmission Electron Microscope (Musashino, Nether-
lands) was used to examine the size and morphology of the
nanoparticles. For sample preparation, a drop of nanoparticle
suspension in 0.1% ethanol was applied onto a TEM grid
previously coated with a carbon film, followed by complete
solvent evaporation at room temperature. Additionally, dimen-
sions were quantified by analyzing the diameter of a set of 300
nanoparticles using Image J software.*

Characterization of lyophilized scaffolds (F1, F2, F3, F4)

Fourier transform infrared spectroscopy (FT-IR). Using FT-IR
spectroscopy, the functional groups of the four scaffold formu-
lations were determined using an affinity infrared spectropho-
tometer (Spectrum Two FT-IR Spectrometer; PerkinElmer,
Houston, USA) in ATR (attenuated total reflectance) mode with
a diamond tip, covering a spectral range of 500-4000 cm ™ *.%

X-ray diffraction (XRD). The diffraction patterns were
observed using a PANalytical X'Pert PRO diffractometer from
Malvern PANalytical (Jarman Way, Royston, UK) with Cu Kal
(1.540598 A) and Ka2 (1.544426 A) radiation, operating at an
accelerating voltage of 45 kV and an electron current of 40 mA.
The instrument had an incident beam optical slit of 1° and
a diffracted beam slit of 9.1 mm, covering a spectral range of 26
between 5 and 80°.%*

Thermal analysis: TGA (thermogravimetric analysis) and
DSC (differential scanning calorimetry). The thermal analysis of
the scaffolds was conducted using thermogravimetric analysis
(TGA) under the following conditions: a temperature ramp of
10 °C per minute under a nitrogen atmosphere with a flow rate
of 50 mL min~" up to 800 °C on a SETSYS evolution instrument
(Setaram Instrumentation, Caluire, France). Additionally,
differential scanning calorimetry (DSC) was performed to
analyze the thermal transitions of the scaffolds under the
following conditions: two cycles from —25 °C to 300 °C at
a ramp rate of 10 °C min~ ' and a nitrogen flow rate of 60
mL min ™' using the DSC Q2000 instrument (TA Instruments,
New Castle, Delaware, USA).**

Scanning electron microscopy (SEM). The morphology of the
various scaffold formulations was analyzed using a Hitachi™
3000 scanning electron microscope (SEM) located in Musa-
shino, Tokyo, Japan. The microscope was operated in secondary
electron acceleration mode for analysis at a voltage of 20 kV. A
gold-coated sample layer was utilized to enhance conductivity.**

Hydrolytic degradation of the scaffolds

The hydrolytic degradation of the scaffolds was determined
using samples of 1.0 by 1.5 cm immersed in Roswell Park
Memorial Institute (RPMI) culture medium containing 2%
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penicillin-streptomycin (P/S) and 10% Fetal Bovine Serum
(FBS), with a volume of 25 mL for each formulation." The
samples were kept agitated in an orbital shaker (SK-O180-2;
Dlab, Beijing, China) at 37 °C in an incubator (Memmert,
Schwabach, Germany) for 1 to 16 days. The mass of the four
formulations was assessed each day. During this period, the pH
of the medium was also recorded using an Accumet™ AB150
pH meter (Fisherbrand, Ottawa, Canada).

Wy — Wy
—2__"<x

0

Wi (%) = 100 @)

Before immersion in the test solution, the sample was
weighed (W), and at the end of the test, the samples were
removed from the medium and superficially dried with a dry
cloth to be weighed (W,,). Subsequently, they were dried in the
incubator at 37 °C for 2 hours and weighed again (Wy). The
scaffolds’ weight loss (W)) was determined using eqn (2).*¢
Finally, scanning electron microscopy (SEM) images were ob-
tained after 1 and 16 days of sample immersion in a culture
medium (RPMI) with 10% Fetal Bovine Serum (FBS) using
a JEOL JSM 6490 LV scanning electron microscope coupled with
an energy-dispersive X-ray spectrometer (EDS) (Akishima,
Tokyo, Japan) to verify the presence of calcium and phosphorus
as indicators of hydroxyapatite formation.

Mechanical properties of the scaffolds

The compression test was performed using a SHIMADZU EZ-LZ
universal testing machine (Shimadzu, Tokyo, Japan) and
a 500 N load cell. The samples were tested at a 10 mm min~"
speed, and at least five samples per formulation were used. The
samples were cylinders with a height of 10 mm and a diameter
of 25 mm.”

In vitro biocompatibility analysis

Evaluation of the antimicrobial capacity and biofilm
formation of NPs-CS and NPs-ZnO. A stock solution of NPs-CS
was prepared at a concentration of 10 mg mL~". The disper-
sion was achieved by vortex agitation followed by 2 minutes of
ultrasound. From the stock solution, four successive dilutions
were prepared (5, 2.5, 1.25, 0.625 mg mL ™).

Similarly, a stock dispersion of NPs-ZnO was prepared at
a concentration of 20 mM by taking 8.1 mg of NPs-ZnO and
dispersing them in 5 mL of distilled water. The NPs-ZnO were
dispersed using vortex agitation followed by 2 minutes of
ultrasound. Four successive dilutions were prepared (10, 5, 2.5,
1.25 mM).

Enterobacteriaceae (Salmonella enterica ATCC 53648, Staph-
ylococcus aureus ATCC 55804, Klebsiella pneumoniae, Enter-
obacter cloacae sub cloacae, Enterobacter asburiae, Enterobacter
hormaechei, and Enterobacter ludwigii) previously identified
molecularly (unpublished data) from the culture collection of
the Universidad de San Buenaventura Cali, were selected for
analysis. These strains were cultured in Brain Heart Infusion
(BHI) broth for 24 hours and subsequently subjected to
a washing process. The washing was carried out through three
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cycles of vortex agitation for one minute, followed by centrifu-
gation at 6000 rpm for five minutes in a sterile 0.85% saline
solution. From the resulting solution, dilutions were made to
adjust the concentration to 10° colony-forming units per milli-
liter (CFU mL™") using optical density (ODgo), following the
McFarland scale previously established with Tryptic Soy Broth
(TSB).*®

In a 96-well polystyrene microplate (BRANDplates), 100 pL of
the enterobacteria and 100 pL of the NPs solution were inoculated
and incubated at 37 °C for 24 hours. The minimum inhibitory
concentration (MIC) value was determined as the lowest
concentration at which no turbidity or bacterial growth was
observed. To confirm biological activity, 20 uL of a 0.2% triphenyl
tetrazolium chloride (TTC) solution was added and incubated at
37 °C for two hours. A red color indicated biological activity.*

The minimum bactericidal concentration (MBC) value was
determined from the wells that showed no visible growth of the
microorganism (lack of turbidity and no reaction with TTC).
Ten pL from the well were taken and plated on a nutrient agar
plate; subsequently, it was incubated at 37 °C for 24 hours to
confirm the microorganism's death. The tests were performed
in triplicate. To evaluate the ability of nanoparticles to inhibit
biofilm formation on polystyrene microplates, the procedure of
Rossi et al.*® was followed without modification.

Evaluation of the scaffolds’ antimicrobial capacity. 50 mg of
the scaffold was deposited in a test tube containing 5 mL of
sterile distilled water, left to stand for two hours, and vortexed
for one minute. Subsequently, 100 uL of the strains Klebsiella
pneumoniae, Enterobacter cloacae, and two multidrug-resistant
strains, Salmonella enterica serovar Typhimurium (ATCC®
53648™) and Staphylococcus aureus serovar Rosenbach (ATCC®
55804™), previously adjusted to a concentration of 10° CFU
mL ", were added and vortexed for one minute. The tubes were
then incubated at 37 °C for 24 hours. Each strain was controlled
using 0.85% saline solution without adding scaffolds.**

Once the incubation time was completed, the tubes from each
treatment were vortexed for one minute, followed by serial dilu-
tions in 0.85% saline solution and plating 100 puL on nutrient
agar plates. The plates were then incubated at 37 °C for 48 hours.
The viable cell count was performed using the plate counting
technique. Each test was conducted in triplicate, and the results
were reported as the percentage of material inhibition.

Preliminary analysis of the bioactivity of the scaffolds

To assess the scaffolds’ in vitro bioactivity, images were ob-
tained using scanning electron microscopy (SEM) after 1 and 16
days of sample immersion in a culture medium (RPMI) with
10% Fetal Bovine Serum (FBS). A JSM 6490 LV model scanning
electron microscope from JEOL coupled with an energy-
dispersive X-ray spectrometer (EDS) (Akishima, Tokyo, Japan)
verified the presence of calcium and phosphorus as indicators
of hydroxyapatite formation.

In vitro cytotoxicity assays

To estimate the cellular viability of the scaffolds, segments of
10 mm diameter and 1.5 mm thickness were taken from each

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00371c

Open Access Article. Published on 25 April 2024. Downloaded on 3/7/2026 11:14:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

formulation and sterilized using ultraviolet light in a Purifier™
Cell Logic™ biological safety cabinet (Madrid, Spain) for 60
minutes. Subsequently, they were immersed in Roswell Park
Memorial Institute (RPMI) medium containing 2% penicillin-
streptomycin (P/S) and 10% fetal bovine serum (FBS), with
a volume of 5 mL for each formulation. These segments were
incubated in an OrbiCult™ IBS orbital shaker (IBS-NR, Changi
South Street, Singapore) at a temperature of 37 °C and a speed
of 200 rpm for periods of four, fifteen, and twenty-one days.
BHK-21 cells were seeded in a 96-well plate at a density of 1000
cells per well with a 5% CO, atmosphere to evaluate cell
viability. Subsequently, the samples were exposed to the extracts
for 24 hours, using twelve replicated wells for each formulation
and twenty-four for the negative control. The latter consists
solely of RPMI culture medium, aiming to prevent any negative
impact on the cells and allow for an accurate comparison of
cellular viability. Finally, a 0.5% solution of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma Aldrich, St. Louis, MO, USA) in RPMI 1640 medium
without fetal bovine serum was added to the plate. After a 3
hour incubation at 37 °C, cell viability was determined by the
optical density of the wells at 570 nm using a FLUOstar Omega
microplate reader (BMG LABTECH, Allmendgriin, Germany).*>
The percentage viability was calculated using eqn (3):

(abssamp]e)

% Cell viability = (abs )
control

x 100 3)

Using the optical density measurements of the sample and
the control.

In vivo viability analysis of the scaffolds

Surgical preparation of the biomodels. The study aimed to
examine the biological compatibility of the four formulations in
a natural environment through subcutaneous insertion. This
approach allowed samples to be implanted in the biomodels,
and their behavior was observed after 30 days.*

The experiment followed the guidelines of the UNE 10993-6
standard, which refers to the biological evaluation of medical
devices, specifically about testing local effects after their
implementation. In this case, three biomodels were used: three-
month-old male Wistar rats with an average weight of 280 g,
provided by the Intermediate Preclinical Research and Live-
stock Laboratory (LABBIO) of the Universidad del Valle. The
biomodels were randomly selected by the LABBIO laboratory
staff from the animals in the laboratory that met the age, sex,
and weight requirements.

The sample size of three biomodels was determined
following the recommendations of ISO 10993-6, which estab-
lishes three as the minimum number of animals to obtain
results.** This also allowed Russell and Burch to adopt the
“Reduction” principle.*® The study followed the guidelines
established in the “Animal Research: Reporting of In Vivo
Experiments” (ARRIVE) guidelines.”* No complications were
recorded during or after surgery, and no biomodels died during
the research. Still, it is also taken into account that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vivariums for biomodels handle a very high degree of consan-
guinity to try to ensure that the sample is representative of the
population of biomodels and retains a lot of similarities. In the
genotype, it is due to genetic closeness, and in the phenotype, it
is due to the controlled environment of the laboratory.

The ethical approval and supervision of this work were
overseen by the Animal Experimentation Ethics Committee of
Universidad del Valle, Cali, Colombia, through Resolution No.
CEAS 006-022.

After making incisions in the biomodels, several blocks were
inserted to evaluate initial biocompatibility. For this purpose,
four surgical pockets were created by making four independent
incisions of five millimeters in length and total thickness on the
right side of the midline, using hemostatic forceps to a depth of
fifteen millimeters.*”

Fragments measuring one centimeter by two centimeters
were cut from the four available types of scaffolds, each with an
average weight of 0.0175 grams. Subsequently, they were
implanted into the pockets and sutured with a simple stitch
using an absorbable suture (ETHICON, Johnson and Johnson,
New Jersey, USA). Then, gentamicin was topically applied
(Gentamicin 1%, Procaps, Cali, Valle del Cauca, Colombia), and
for postoperative medication, Diclofenac 75 mg was adminis-
tered (La Sante, Bogota, Colombia).

The biological models were sedated by administering Ket-
amine (70 mg kg~ ', Laboratorio Blaskov, Bogota, Colombia)
and Xylazine (30 mg kg™', Laboratorios ERMA, Celta, Colom-
bia). After a 30 day implantation period, the biological models
were euthanized by intraperitoneal injection of an excess
Ketamine/Xylazine solution, and the samples were retrieved.
Subsequently, a visual observation of the areas where the skin
implants with hair had been made was conducted, followed by
hair removal to obtain the samples.

Histological analysis

The samples were fixed for 48 hours in buffered formalin.
Subsequently, they were processed using Autotechnicon Tissue
Processor™ equipment (Leica Microsystems, Mannheim, Ger-
many). The obtained samples were embedded in paraffin blocks
using the Histoplast™ equipment (Thermo Fisher Scientific,
Waltham, MS, USA), and 6-micron sections were made with the
Leica RM2125 RTS microtome (Leica Microsystems, Mannheim,
Germany). All sections underwent Hematoxylin and Eosin
(H&E) staining, Masson's Trichrome (MT), and Gomori's Tri-
chrome (GT). Histological images were captured using a Leica
DM750 optical microscope and a Leica DFC 295 camera. Images
were processed with Leica Application Suite version 4.12.0
software (Leica Microsystems, Mannheim, Germany).

Statistical analysis

All cell viability and hydrolytic degradation test results were
expressed as the mean of at least three replicates + standard
deviation. In the cell viability analysis, significant differences
were determined using ANOVA with a 95% confidence interval
using The Unscrambler X software. For the results of mechan-
ical and antimicrobial tests, Minitab 19 software was used to
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analyze variance for treatments using ANOVA, with a signifi-
cance level of 0.05.

Results and discussion
FT-IR analysis of chitosan, NPs-CS, and NPs-ZnO

The band between 3400 cm ™! and 3300 cm ™%, as evidenced in

Fig. S1A and presentf in both spectra, is characteristic of the
symmetric and asymmetric tensions of the N-H bonds of the
primary amine. The width of the band at 3400 cm ' for the
chitosan spectrum is related to the stretching of the -OH groups
of chitosan, which results from the O-H stretching vibration
associated with intra, inter, and free molecule-bound hydroxyl
groups. Similarly, the small band at 2871 em ™" corresponds to
the C-H vibration.*®

The bands at 1648 cm™ and 1570 cm ~ in chitosan are
attributed to the bending of the -NH bonds of the primary
amine and the amide; however, in the NPs, these bands shift to
1637 cm ' and 1544 cm ™. This could be due to the interactions
between the phosphate groups of TPP and the ammonium ions
of chitosan, depending on the degree of cross-linking.** The
bands at 1374 cm™ ' and 1405 cm ™ for NPs-CS and CS are due to
the scissoring bending of C-C bonds, while the band at
1026 cm ' corresponds to C-O vibrations, and at 660 cm '
indicates vibrations produced by the C-O-C bonds of chitosan.
The band at 798 cm ™" in NPs-CS can be attributed to the P-O
vibration and the P-O-P bond.*

1 1

Size of NPs-CS by DLS

After synthesizing the NPs-CS, particle size was analyzed using
the DLS method. The polydispersity index (PDI) and the average
diameter were calculated using eqn (1), resulting in a value of
0.02. Based on DLS measurements, the particle size distribution
appears as a bell-shaped curve, maintaining a moderate
amplitude, indicating a homogeneous size distribution. Most of
the NPs-CS were found in the 150 to 200 nm range, with the
predominant size being the peak maximum of 169.9 nm
(Fig. S1Bt),*® suggesting that the NPs-CS are monodisperse. The
low polydispersity of the NPs-CS is related to the ionotropic
synthesis method of nanoparticles, as this method allows for
control over the shape and size of the NPs.

TEM analysis of NPs-CS

The predominant morphology of the nanoparticles revealed
a spherical nature. However, agglomeration formation could be
identified, as evidenced in Fig. S1C.T This phenomenon is ex-
pected within the methodology developed for synthesizing
these chitosan-based nanoparticles.

Upon meticulous examination of the dimensions of the NPs-
CS, the use of Image] software facilitated a comprehensive
quantitative analysis. The size distribution histogram, as shown
in Fig. S1D, provides an accurate visual representation of the
dimensional variability of these nanoparticles. While an
average size of 11.98 nm =+ 3.98 is recorded, it is essential to
highlight that the dimensions of the NPs exhibit inherent
variability. This variability could be attributed to fluctuations in
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synthesis conditions or particle formation heterogeneity during
the process. Such dimensional heterogeneity could have
significant implications, especially when considering the
specific application of these nanoparticles. For instance, in
biomedical applications, the size and uniformity of nano-
particles can influence their biodistribution, drug-loading
capacity, and interaction with specific cells or tissues.*

FTIR analysis of NPs-ZnO

In Fig. S2A,t the band at 3499 cm ' is evident, corresponding to
the symmetric stretching of the hydroxyl (O-H) groups,
primarily attributed to dissociative adsorption on the irregular
edges of the ZnO NPs surface.>

In the fingerprint region, a broad band at 905 cm ™' is
observed, attributed to the stretching vibration of the O-Zn-O
lattice. Additionally, two bands appear at 720 cm ' and
563 cm™ ', arising from the stretching and deformation of the
Zn-O bonds.”

Meanwhile, the band at 1042 cm ™" signifies the vibration of
the absorbed carbonate lattice.>

Size of NPs-ZnO by DLS

The particle size was measured using the DLS method, and the
polydispersity index (PDI) was calculated using eqn (1) with the
average diameter of the nanoparticles. The result was 0.03,
indicating that the nanoparticles are monodisperse. The particle
size distribution is a bell-shaped curve with moderate amplitude,
suggesting a homogeneous size distribution. However, most NPs-
ZnO were in the 360 to 490 nm range, with the predominant size
at the peak maximum of 420.2 nm (Fig. S2B¥).

Specifically, the size dispersions of the NPs-ZnO are attrib-
uted to their thermodynamic metastability due to their high
surface area. This means that they do not exhibit the Ostwald
ripening phenomenon since there is no evidence of an increase
in the dispersion of the NPs-ZnO due to low energies during
nanoparticle preparation.®

TEM analysis of NPs-ZnO

The TEM analysis of the NPs-ZnO, as illustrated in Fig. S2C,}
reveals distinctive morphological characteristics of these
nanoparticles. Notably, these NPs-ZnO predominantly appear in
a spherical and monodisperse shape. This uniformity in shape
and dispersion initially suggests a well-controlled synthesis
process. However, it is crucial to highlight the presence of
aggregates observed within the sample. As cited in previous
research, these aggregates may arise due to interactions
between nanoparticles, primarily due to collision phenomena
amplified by their interaction with water.>® A histogram was
generated with data from 300 nanoparticles using Image] soft-
ware (Fig. S2Dt), showing an average size of 20 nm =+ 7.

The variability in size, reflected in the standard deviation of
£7, could have significant implications for the functional
properties of these nanoparticles. For instance, specific size and
dispersion can influence their chemical reactivity, their ability
to disperse in different mediums, or their interaction with
biological systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Analysis of scaffolds incorporated with NPs-CS and NPs-ZnO

FTIR analysis of the scaffolds. The formulation F1, which
consists solely of chitosan, exhibits characteristic bands of this
compound; however, due to changes in structural organization,
alterations are observed in some of its bands, as shown in Fig. 1.
Generally, bands between 3259 cm ™" and 3400 cm ™" are present
due to interactions of -OH and N-H groups inherent to the
chitosan structure. On the other hand, the overtone at
2800 cm ™" arises from the stretching of C-H groups in the
carbon chain.*® The two bands in the 1635 and 1540 ¢cm ™'
represent bending vibrations of the N-H group, characteristic of
a primary amine.

The bands at 1374 and 1405 cm™ ' in chitosan and NPs-CS
are attributed to C-C bonds. Similarly, the bands in the 1070-
1026 cm ™" region indicate vibrations produced by the C-O-C
bonds of chitosan. The bands around 650 and 560 cm™ ' are
typically associated with the structure’'s C-N vibration of
glucosamine (N-acetylglucosamine).

Interestingly, changes in the bands are observed as nano-
particles are incorporated. In the case of F2, the suppression of
bands at 2880, 1635, and 650 cm ™! is noticeable, which can be
explained as a shielding effect between the bands of the NPs-
ZnO and those of the scaffold. On the other hand, with the
inclusion of only NPs-CS into F3, an increase in the intensity of
the scaffold bands can be observed, as NPs-CS and the chitosan-
based scaffold share the exact chemical nature.

However, in the last formulation (F4) that contains both
nanoparticles, a slight decrease in the band's intensity at
1645 cm ' is observed. Additionally, the bands between
650 cm " and 560 cm " intensify due to the combined presence
of both nanoparticles.

Determination of structural ordering by XRD

The X-ray diffraction (XRD) analysis provided insights into the
structural changes of chitosan scaffolds upon incorporating
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Fig.1 FTIR of the different scaffolds based on NPs-ZnO and NPs-CS.
F1, 2000 mg CS/100 mL acetic acid; F2, 1900 mg CS/100 mg NPs-
Zn0O/100 mL acetic acid; F3, 1900 mg CS/100 mg NPs-CS/100 mL

acetic acid; F4, 1900 mg CS/50 mg NPs-ZnO/50 mg NPs-CS/100 mL
acetic acid.
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NPs-CS and NPs-ZnO, as shown in Fig. 2. The diffractogram of
formulation F1 (2% CS) revealed two characteristic peaks of the
chitosan structure, located at 26 values of 21.3° (111) and 29.3°
(211), along with another peak present in F3 (1.9% CS:0.1%
NPs-CS) at 11.3° (111). This profile arises from interactions
between hydrogen bonds formed by the amino, amide, and
alcohol functional groups present in the molecule.”” However,
there is an apparent emergence of prominent peaks at 26 values
of 46.6° (321), 47.5° (321), 56.6° (322), and 63.8° (422). These can
be attributed to the cross-linking generated during the fabri-
cation process of the chitosan scaffold.

In the diffraction spectrum of F2 (1.9% CS: 0.1% NPs-ZnO),
a decrease in the intensity of the 260 peaks at 29.5° (111), 38.6°
(210), 42.3° (211), 46.3° (211), 47.7° (220), 59.7° (311), 63.6°
(320), 71.8°(400), and 76.3° (411) is observed. This decrease can
be associated with the distortion of the crystalline lattice due to
the incorporation of NPs-ZnO into the polymeric matrix. This
results in overlapping the NPs-ZnO peaks (represented by black
dots in the F2 diffractogram) and the formation of imperfec-
tions and crystalline distortions with those of the chitosan
scaffold.”® This leads to peaks at 26 of 42.3°, 47.7°, 56.6°, and
59.6° and an increase in the peak at 38.6°.

An inverse relationship between the interplanar distance (d-
spacing) and the angle 6 can also be established. The greater the
spacing between the atomic planes, the smaller the diffraction
angle 0. Therefore, the decrease in intensity is also associated
with a slight leftward shift of the diffraction peaks of the
material.>

Regarding formulation F3 (1.9% CS:0.1% NPs-CS), the
diffraction pattern significantly changes. A peak at 26 of 11.3°
(111) is observed, and the loss of other previously present peaks
is noted. This is due to the presence of the NPs-CS, whose
chemical nature is similar to the scaffold, and due to their size,
they are incorporated into the planes of the crystalline lattice.
This results in a loss of material crystallinity, making it more
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Fig.2 Diffractogram of the different scaffolds based on NPs-ZnO and
NPs-CS. F1, 2000 mg CS/100 mL acetic acid; F2, 1900 mg CS/100 mg
NPs-ZnO/100 mL acetic acid; F3, 1900 mg CS/100 mg NPs-CS/
100 mL acetic acid; F4, 1900 mg CS/50 mg NPs-ZnO/50 mg NPs-CS/
100 mL acetic acid.
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amorphous,* altering the planes in the 26 peaks of 21.4 (311),
29.4 (420), 42.3 (540), 47.8 (551), 56.6 (653).

In the latest formulation, F4 (1.9% CS:0.05% NPs-ZnO:
0.05% NPs-CS), the presence of both NPs-CS and NPs-ZnO
significantly enhances the material's crystallinity. Well-defined
peaks, a reduction in the interplanar distance, an increase in
the intensity of the prominent peaks, and a slight shift towards
more considerable angles evidence this. This shift is due to the
rise in the interatomic distance within the material's crystalline
lattice, caused by the introduction of the nanoparticles, resulting
in a longer wavelength being diffracted within the material.**

TGA and DSC analysis

The primary objective of thermogravimetric analysis (TGA) is to
evaluate a material's response to increasing temperature,
focusing on determining its thermal stability. In Fig. 3 and 4,
the thermogravimetric curves of the scaffolds in their various
formulations are presented. In the case of chitosan, its thermal
degradation occurs in three distinct stages. Still, from the
exclusive perspective of polymer decomposition, the most
significant is observed in the temperature range from 268 °C to
312 °C.>%

The thermogravimetric analysis reveals two main stages in
the thermal degradation profile of chitosan scaffolds: NPs-CS
and NPs-ZnO. However, only one primary phase is evident in
two proposed formulations, specifically F1 and F2. For F1,
a thermal degradation peak is observed, indicating the
decomposition of chitosan marked by polymer depolymeriza-
tion and the release of volatile compounds. This event has
a Trmax Of 290 °C, resulting in a mass loss of 43%. This process
originates due to the depolymerization of chitosan structures
and degradation of pyranose rings through water loss and
deamination, followed by ring opening. In the case of F2,
a single thermal degradation peak is also observed at
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Fig.3 Thermogram for the different scaffolds based on NPs-ZnO and
NPs-CS. F1, 2000 mg CS/100 mL acetic acid; F2, 1900 mg CS/100 mg
NPs-ZnO/100 mL acetic acid; F3, 1900 mg CS/100 mg NPs-CS/
100 mL acetic acid; F4, 1900 mg CS/50 mg NPs-ZnO/50 mg NPs-CS/
100 mL acetic acid.
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Fig. 4 Derivative curves for the different scaffolds based on NPs-ZnO
and NPs-CS. F1, 2000 mg CS/100 mL acetic acid; F2, 1900 mg CS/
100 mg NPs-ZnO/100 mL acetic acid; F3, 1900 mg CS/100 mg NPs-
CS/100 mL acetic acid; F4, 1900 mg CS/50 mg NPs-ZnO/50 mg NPs-
CS/100 mL acetic acid.

approximately 268 °C. This peak suggests a primary thermal
degradation reaction in this formulation, influenced by NPs-
ZnO. This could lead to degradation at a lower temperature by
facilitating bond breakage in chitosan, resulting in thermal
degradation at a lower temperature. Moreover, this interaction
might lead to the release of volatile compounds at lower
temperatures compared to the F1 formulation.**

On the other hand, both F3 and F4 display two thermal
degradation peaks recorded at approximately 159 °C, with mass
losses of 6.8% and 4.6%, respectively. This behavior indicates
the release of water firmly bound to chitosan molecules in this
phase. Additionally, F3 and F4 show a second thermal degra-
dation peak, with values around 270 °C and 265 °C, and mass
losses of 36.34% and 42.9%, respectively, associated with
polymer decomposition. Incorporating NPs-CS in these formu-
lations impacts the complexity of the thermal reactions,
resulting in comparable thermal stability. The thermogravi-
metric analysis suggests that scaffolds made from chitosan,
including NPs-CS and NPs-ZnO, maintain their thermal stability
up to approximately 230-235 °C in a nitrogen atmosphere.®

Chitosan, a semi-crystalline polysaccharide with a signifi-
cant amorphous fraction, exhibits physical properties that
undergo noticeable changes during the glass transition
temperature, a crucial parameter of the amorphous state.®®
differential scanning calorimetry (DSC) was used to clarify the
thermal properties of the four scaffold formulations proposed
for the research development, as illustrated in Fig. 5.

Incorporating nanoparticles (NPs) into the polymeric matrix
subtly alters the glass transition temperature. In formulation two
(F2 CS 1.9%:NPs-ZnO 0.1%), a slight reduction in transition
temperature is evident, indicative of surface interactions between
the NPs-ZnO and chitosan. This interaction, influenced by the
low polydispersity of the NPs-ZnO according to DLS analysis,
affects the molecular mobility of the polymeric matrix, impacting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC curves for the different scaffolds based on NPs-ZnO and
NPs-CS. F1, 2000 mg CS/100 mL acetic acid; F2, 1900 mg CS/100 mg
NPs-ZnO/100 mL acetic acid; F3, 1900 mg CS/100 mg NPs-CS/
100 mL acetic acid; F4, 1900 mg CS/50 mg NPs-ZnO/50 mg NPs-CS/
100 mL acetic acid.

its ability to transition from a glassy state to a more elastic one.
Compared to formulation four (F4 CS 1.9% : NPs-ZnO 0.05% :
NPs-CS 0.05%), a different impact on thermal properties is
observed due to interactions between nanoparticles and chito-
san, which can alter the polymer's molecular structure.” In
formulations one (F1 CS 2%) and three (F3 1.9% CS:NPs-CS
0.1%), a similar glass transition temperature was evident, sug-
gesting thermal stability. This highlights that the NPs-CS do not
significantly affect the glass transition temperature.®®

SEM analysis of scaffolds

Fig. 6 presents representative images obtained through scan-
ning electron microscopy (SEM) of highly porous three-
dimensional scaffolds designed for biomedical applications.
These scaffolds have three pore categories: small, medium, and
large. The irregular morphology, with sheet-like pores, suggests
a flat and extended geometry rather than a spherical one across
all four formulations.

The large, irregular, and uniformly interconnected pores
result from the lyophilization method, enabling discrete control
over pore diameter. Scaffolds were manufactured with small
(<100 pm), medium (100-200 um), and large (200-450 pum) pore
sizes.®* The interconnections among the large pores allow
massive transport and cell migration throughout the scaffold.
The fabrication protocol was optimized to ensure consistent
scaffold properties, particularly in interconnectivity, facilitating
efficient cell migration and massive transfer between different
pore sizes. Through comprehensive SEM analysis, it was
observed that the interconnection and pore connectivity remain
consistent across all pore sizes of the four formulations exam-
ined. At higher magnifications, the scaffolds exhibit a uniform
laminar surface; this aspect adds to the polymeric nature of
chitosan, providing essential mechanical properties such as
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flexibility and strength. The amino groups allow positive inter-
action by forming specific bonds with cell membrane molecules.
This set of characteristics operates synergistically, which is
crucial in facilitating fundamental processes such as cell adhe-
sion, proliferation, and protein secretion. This composition and
morphology are particularly beneficial in the context of tissue
engineering applications, where the scaffolds’ ability to promote
positive cellular interactions is essential for the success of tissue
regeneration and the functionality of biomimetic constructs.”

Analysis of the hydrolytic degradation of functionalized
scaffolds

Fig. 7 displays functionalized scaffolds’ weight loss (%) after 16 days
of agitation in a simulated biological fluid. Generally, increased
scaffold stability is observed, manifested as a decrease in weight
loss. When analyzing daily degradation rates, it is evident that after
six days of immersion, F2 (31%) and F4 (34%) show lower degra-
dation rates compared to F1 (46%) and F3 (41%). Additionally,
a difference is observed at 16 days, where a weight loss of F1 (64%)
and F3 (75%) is higher than that of F2 (46%) and F4 (49%).

F2 and F4 stand out as the most stable formulations,
exhibiting lower degradation rates and reduced levels of total
degradation compared to F1 and F3. The NPs-ZnO present in F2
and F4 seem to have a stabilizing effect on these formulations.
This phenomenon could be related to the unique physical and
chemical properties of the NPs-ZnO. The presence of these
nanoparticles moderately interferes with hydrolysis processes
by establishing a physicochemical barrier with chitosan, slow-
ing down degradation. F2 and F4 are more stable formulations
suitable for applications with a more controlled and sustained
degradation over time. On the other hand, F1 and F3, with
higher degradation rates, could be helpful in applications
where rapid or complete release is desired.

Mechanical properties of the scaffolds

In tissue engineering, there is a demand for biomaterials with
specific mechanical and thermal properties tailored to the
environment in which they will remain until complete degra-
dation. Chitosan scaffolds, made from this natural polymer
derived from chitin, have emerged as a promising option.”
The results of the mechanical properties under compression
of the functionalized chitosan scaffolds in the four formula-
tions (Table 2) reveal a significant decrease in the scaffolds’
deformation stress as NPs-ZnO is incorporated and an increase
with the inclusion of NPs-CS. Among them, scaffold F3 exhibits
the best mechanical properties with minimal deformation
(higher Young's modulus), followed by F4, F2, and F1, which
has the highest deformation percentage since it does not
contain any of the nanoparticles used in its composition.
These results are consistent with the interpretation of the
pore size analysis calculated from the SEM images for each of
the nanoparticles, where their homogeneous dispersion in the
polymeric matrix can be observed. On the other hand, the
increase in Young's modulus was less than expected, perhaps
because the diameter of the NPs was between 70-110 nm. The
smaller the diameter of the NPs, the higher their Young's
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Fig.6 Morphology of CS/PVA/TTEO films by SEM images of the different scaffolds based on NPs-ZnO and NPs-CS. F1, (a), 2000 mg CS/100 mL
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Fig. 7 Diagram of the hydrolytic degradation of functionalized
scaffolds.

modulus, and therefore, it would be expected that reinforcing
the polymeric matrix with the NPs would result in a higher
Young's modulus.”

On the other hand, a linear regression analysis was per-
formed for each of the formulations in the three tests con-
ducted. Overall, low R? values were obtained in the tests for

13574 | RSC Adv, 2024, 14, 13565-13582

Young's modulus (elastic)) maximum compression stress
(tension), and maximum deformation, where only 27.38%,
26.31%, and 31.86% of the data adequately fit the linear model,
respectively. However, an analysis of variance was carried out
using one-way ANOVA with a 95% confidence level (5 = 0.05) to
verify the proposed linear model.

The null hypothesis is accepted for the Young's modulus test
with a critical F = 2.01, greater than the experimental F = 0.153,
indicating no significant differences in the variation in
response to each formulation. Similarly, the null hypothesis is
accepted for the maximum compression stress test with a crit-
ical F = 1.90, more significant than the experimental F = 0.170,
and for the maximum deformation test with a critical F = 2.49,
more significant than the experimental F = 0.097. By accepting
the null hypothesis, it can be stated that there is no consider-
able variation in the response of the proposed linear model.
There is no linear relationship between the percentage of
nanoparticles incorporated into the polymeric matrix and the
values of the three tests obtained; therefore, the mechanical
properties cannot be modulated according to the concentration
of nanoparticles incorporated, even though differences are
noted among the four formulations.

In vitro biocompatibility and antibacterial capacity analysis

Preliminary analysis of the bioactivity of the scaffolds. Fig. 8
shows the micrographs (a, c, e, and g) obtained through scan-
ning electron microscopy (SEM) of the four scaffold

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Formulation M. elastic (MPa) Max. tension (MPa) Max. deformation (%)
F1 0.04458 £ 0.02 0.49205 £ 0.05 269.534 + 42.2

F2 0.02232 + 0.005 0.35722 £ 0.07 256.946 £ 63.2

F3 0.05028 =+ 0.09 0.45118 £ 0.012 163.586 £ 18

F4 0.03268 £ 0.02 0.40198 £ 0.06 232.572 £+ 102

formulations after sixteen days of immersion in RPMI medium
with 10% SBF. Differences in the morphologies of the scaffolds
before and after immersion can be observed, which are attrib-
utable to degradation and salt adhesion on the surface. Addi-
tionally, an analysis was carried out using energy-dispersive
spectroscopy (EDS) on the surface of the scaffolds. Each

X1,000 A0pm

X1,000 10pme

(8)

diagram (b, d, f, and h) displays the percentage of elements
deposited on the scaffold's surface layer.

The predominant elements identified in formulations F2,
F3, and F4 are carbon (C), oxygen (O), and sodium (Na). In
contrast, in the F1 formulation, its significant constituents are
carbon (C), oxygen (O), and calcium (Ca). The presence of these
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Fig.8 SEM-EDSimages and percentage weight results of the scaffolds after 16 days of immersion in RPMI with 10% SFB: (a) micrograph of F1 (2%
CS), (b) weight percentage of analyzed elements for F1; (c) micrograph of F2 (1.9% CS:0.1% NPs-ZnO), (d) weight percentage of analyzed
elements for F2; (e) micrograph of F3 (1.9% CS: 0.1% NPs-CS), (f) weight percentage of analyzed elements for F3; (g) micrograph of F4 (1.9% CS :
0.05% NPs-ZnO: 0.05% NPs-CS), (h) weight percentage of analyzed elements for F4.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 13565-13582 | 13575


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00371c

Open Access Article. Published on 25 April 2024. Downloaded on 3/7/2026 11:14:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

elements is attributed to chitosan and its bioactivity, which
induces hydroxyapatite formation on its surface, as well as
inorganic salts such as sodium, calcium, silicon, chlorine, and
potassium inherent to the RPMI medium.

Notably, the only scaffolds with phosphorus (P) deposits are
formulations F2 and F4, which contain NPs-ZnO. The presence of
these NPs may promote the formation of hydroxyapatite (Cas(-
PO,);(OH)).” Incorporating components capable of interacting
or binding to biological tissues in the scaffolds enhances bioac-
tivity. This, in turn, promotes osteoconduction (the process of
bone tissue growth), osteointegration (firm attachment of scaf-
folds to surrounding bone tissue), osteoinduction (stimulation of
immature cells’ differentiation into osteogenic cells), and
angiogenesis (increased development of blood vessels).”

Evaluation of the antimicrobial capacity and biofilm
formation of NPs-CS and NPs-ZnO

Different Enterobacteriaceae strains were used because
antimicrobial-resistant Gram-negative pathogens have been
identified as an urgent threat due to their multiple resistance
mechanisms.” In Latin America, the prevalence of Enter-
obacterales with antibiotic resistance increased from 22% in
2015 to 32% in 2020.7° Additionally, Gram-negative bacteria are
responsible for infection in the skin and soft tissue wounds,
which is a possible application of nanoparticles. This study will
also demonstrate a possible application of nanoparticles and
the fact that in vivo studies can be carried out with specifically
resistant strains. The ability to reduce and inhibit bacterial
growth of NPs-CS and NPs-ZnO was analyzed by determining
the minimum inhibitory concentration (MIC) value. This was
established as the lowest concentration at which no turbidity or
bacterial growth was observed against the biofilm formation of
common Gram-negative and Gram-positive strains after 24
hours of incubation at 37 °C. Tables 3 and 4 summarize the
results obtained for NPs-CS and NPs-ZnO, respectively.

The inhibition by NPs-CS against biofilm development in Gram-
negative strains can be explained by the increased permeabilization
of the membrane and neutralization of the lipopolysaccharides
that comprise it.*® NPs-CS exhibit electrostatic interactions between
the positively charged chitosan chains and the phosphoryl groups
present in the bacterial membrane phospholipids, leading to gaps

Table 3 Antimicrobial activity of NPs-CS (mg mL™%).

Inhibition of biofilm

Microorganism CMI CMB formation (%)
S. aureus ATCC 55804 0.625 >10 0.0+13a
S. enterica ATCC 53648 0.625 >10 89.34+3.6Db
K. pneumoniae 0.625 >10 96.6 £2.8¢
E. cloacae sub cloacae 0.625 >10 973 +23¢c
E. asburiae 1.25 >10 94.1+45¢
E. hormaechei 0.625 >10 98.0 +2.0c
E. ludwigii 0.625 >10 88.1+23b

“ Results are expressed as means =+ standard deviations. Different
letters in the same column indicate significant differences (P < 0.05).

13576 | RSC Adv, 2024, 14, 13565-13582

View Article Online

Paper

in the membrane and facilitating the release of intracellular
material.”” Conversely, S. aureus, a Gram-positive bacterium, lacks
an outer membrane, a distinctive feature of Gram-negative
bacteria.*® This absence of an outer membrane could influence
the observed lack of response or inhibition against NPs-CS.

Specifically, Gram-negative bacteria often develop resistance to
oxidative stress during the growth phase by inducing a sigma
factor known as RpoS.” The presence of this factor may explain
the low anti-biofilm inhibition of NPs-ZnO, as the presence of
these nanoparticles has a high capacity to generate reactive oxygen
species.

Scaffolds antimicrobial capacity

The formulations F1, F2, and F4 of the functionalized scaffolds
exhibited high rates of antimicrobial activity against each of the
four strains used. These results are consistent with the inherent
antibacterial activity of chitosan. However, it is noteworthy that
the efficacy against the E. cloacae strain was 100% for all
formulations (Table 5).

However, formulation F3 was less effective against the
multidrug-resistant strain of S. enterica Typhimurium (ATCC®
53648™). Likely, the presence of antigens on the surface of this
bacterial strain may have triggered adaptive response mecha-
nisms to the solution enriched with the scaffold's properties.
Indeed, the percentages of antimicrobial activity in the other
formulations are lower, except for formulation F2, which only
incorporates NPs-ZnO.

The mechanisms by which different types of nanoparticles can
control or kill bacteria are unclear and may be explained by
additive effects. For ZnO-based NPs, several pathways have been
proposed, such as the toxicity of the Zn>* jon from the dissolution
of ZnO NPs, reactive oxygen species (ROS) generated from the
photocatalytic process, and bacterial membrane dysfunction.”
For chitosan NPs, it is considered that the interaction of the
amino group with the negative charges of the cell wall of micro-
organisms generates the lysis of these structures, which leads to
the loss of protein compounds and other intracellular constitu-
ents. Furthermore, its chelating property allows it to selectively
bind to metals in the external structures of microorganisms, thus
inhibiting the production of toxins or enzymes due to the
chitosan-DNA interaction that alters messenger RNA synthesis.*

Overall, the fact that scaffolds, especially those with incor-
porated NPs-ZnO, exhibit high antimicrobial activity against
Gram-negative and Gram-positive bacterial species demon-
strates their effectiveness against protective barriers within
their cellular structure, indicating a broad spectrum against
mixed infections and their potential uses as therapeutic mate-
rials.* Moreover, their efficacy against multidrug-resistant
bacteria supports the reduction of aggressive bacteria in
hospital settings and even minimizes antibiotic use, signifi-
cantly enhancing patient safety.*

In vitro cytotoxicity assays of the scaffolds

To understand the interactions between the scaffolds func-
tionalized with the four formulations, three cell viability assays
were conducted using Baby Hamster Kidney Fibroblasts

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Antimicrobial activity of NPs-ZnO (mg mL™?)
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Microorganism CMI CMB Inhibition of biofilm formation® (%)
S. aureus ATCC 55804 2.5 >20 0.0+ 15a
S. enterica ATCC 53648 >20 >20 00+15a
K. pneumoniae >20 >20 30.1+1.8b
E. cloacae sub cloacae >20 >20 525+ 24c
E. hormaechei >20 >20 0.0 £5.1a
E. asburiae >20 >20 0.0 £ 3.6 a
E. hormaechei >20 >20 285+ 1.5b
E. ludwigii >20 >20 0.0+ 6.9a

% Results are expressed as means + standard deviations. Different letters in the same column indicate significant differences (P < 0.05).

Table 5 Percentages of antimicrobial activity with various formulations®

Strain F1 F2 F3 F4

K. pneumoniae 100 £ 0.0 b 99.94 £ 0.10 b 96.50 = 0.90 a 99.972 + 0.05 b
E. cloacae 100 £ 0.0 a 100 £ 0.0 a 100 £ 0.0 a 100 £ 0.0 a
S. enterica ATCC 53648 81.17 £ 16.36 b 99.84 £ 0.14 ¢ 0.0+ 0.0a 83.82 +8.88 b
S. aureus ATCC 55804 100 £ 0.0 a 100 +£ 0.0 a 99.84 £ 0.21 a 84.01 £ 16.04 a

% Results are expressed as means + standard deviations. Different letters in the same row indicate significant differences (P < 0.05).

100 * ‘ | Mean + 1 SE
90 . % @ 29,CS
#1.9%CS:0.1%NPs-CS
801 #1.9%CS:0.1%NPs-Zn0O
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Fig. 9 Cell viability of the four formulations (n = 3).

(BHK-21) as the cell line in an RPMI culture medium containing
the formulations for 4, 15, and 21 days. The results revealed
significant differences in cell viability percentages among the
formulations (Fig. 9).

Formulations F1 (2% CS) and F3 (1.9% CS:0.1% NPs-CS),
which contained only chitosan as the base compound, exhibi-
ted a viability level greater than 96%, suggesting a favorable
response in the cytocompatibility of BHK-21 cells to these
formulations.

However, for formulations F2 (1.9% CS: 0.1% NPs-ZnO) and
F4 (1.9% CS:0.05% NPs-ZnO : 0.05% NPs-CS), low cell viability
values were recorded, suggesting that the presence of NPs-ZnO
may be toxic to BHK-21 cells at these concentrations. These
findings emphasize the importance of understanding the
potential effects of components in functionalized scaffolds,
especially when using sensitive cell lines.®"*

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 9 displays the cell viability percentage results for the
assays conducted at 4, 15, and 21 days. When comparing the
means of the three formulations, no significant differences were
found between the daily tests. However, there were considerable
variations among the four formulations.

Analysis of the in vivo viability of the scaffolds

Surgical preparation of the biomodels. Once the euthanasia
of the biomodels was performed, a macroscopic inspection of
the intervened area was carried out. In all biomodels, hair
growth was observed in the dorsal region (Fig. 10A). Subse-
quently, a trichotomy was performed, revealing the area with
routine healing (Fig. 10B). An incision was made to inspect the
internal surface, and it was found that the tissue had usually
healed, with no evident changes in the areas where the mate-
rials were implanted (Fig. 10C). The macroscopic images of the
implantation sites provide an initial approximation of a healing
process in the presence of a material that behaved as
biocompatible.

The hair recovery on the skin of the biomodels after 30 days
following the surgical procedure indicates successful skin
healing. Hair regeneration is a positive sign that the skin is
returning to its normal state and that biological functions are
returning to normality. For this reason, it is used for the eval-
uation of dermatological treatments.?***

Histological analysis

The formulation F1, which consists of 2% CS, reveals that after
30 days of implantation, healing progresses through a foreign
body reaction, evidenced by the formation of a thin fibrous
capsule surrounding the implantation site (Fig. 11A). Using
Masson's trichrome and Gomori staining techniques, the
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Fig. 10 The dorsal skin surface of a Wistar rat after 30 days of healing. (A) Dorsal area with hair; (B) dorsal area with trichotomy; (C) internal skin

surface. IZ: implantation zone.

capsule is identified to comprise type I collagen fibers, depicted
in blue (Fig. 11A), and type III collagen fibers, illustrated in
green (Fig. 11B).

The scaffold fragment obtained from formulation F1 is
composed of a fibrillar structure. The interfibrillar spaces are
filled with a type III collagen matrix (Fig. 11B) and numerous
inflammatory cells (Fig. 11C). The scaffold's fibrillar structure
shows minimal evidence of reabsorption/degradation.

The formulation F2 (1.9% CS/0.1% NPs-ZnO) represents
a modification of the initial formulation, incorporating NPs-
ZnO, which stimulated a more pronounced inflammatory
response. Furthermore, the presence of a fibrous capsule
persists, accompanied by an inflammatory process progressing
centripetally from the implantation zone's periphery towards
the defect's center (Fig. 11D). The inflammatory infiltrate is
substantial, and as it progresses, it incorporates small frag-
ments of the material for phagocytosis, as evidenced by the red
circle in Fig. 11D. The advancing zone of the inflammatory
process consists of a connective tissue matrix with numerous
cells, as depicted in Fig. 11E. The presence of multinucleated
cells in the interfibrillar spaces of the scaffold is also notable, as
seen in the red circles in Fig. 11F. Unlike formulation, F1, the
fibers composing the scaffold appear more irregular due to the
effect of phagocytic cells, which can be observed in Fig. 11F.

In formulation F3 (1.9% CS:0.1% NPs-CS), the NPs-ZnO
were replaced by NPs-CS; this alteration manifested in the
scar response. At 30 days post-implantation, an inflammatory
response was not as pronounced as in formulation F2. However,
a thin fibrous capsule remains evident (Fig. 11G), along with
a centripetal absorption pattern surrounding the scaffold frag-
ment. Within this absorption zone, collagen fibers are
discernible. Fig. 11H shows some type III collagen fibers, along
blood vessels and inflammatory cells, are visible. In Fig. 111,
captured at a 40x magnification, the progression and absorp-
tion of the scaffold fragment by the inflammatory infiltrate can
be distinctly observed.

In formulation F4 (1.9% CS:0.05% NPs-ZnO:0.05% NPs-
CS), chitosan incorporates both NPs-ZnO and NPs-CS.
However, as depicted in Fig. 11], the pattern of centripetal
absorption persists. A fragile fibrous capsule is evident, and
within the absorption zone, a fibrillar matrix can be observed
where scaffold fragments are incorporated (Fig. 11K). In

13578 | RSC Adv, 2024, 14, 13565-13582

Fig. 11L, numerous phagocytic cells are visible within the
scaffold's interfibrillar spaces.

The scaffolds studied in this research were synthesized from
chitosan, a product known for its significant biological prop-
erties such as biocompatibility, biodegradability/resorption,
and the ability to interact with various cells and extracellular
matrix.** The histological results for formulation 1 are consis-
tent with the healing of a biocompatible material implanted
subdermally. The presence of a fibrous capsule is considered
a normal response to implanted materials and serves as
a control mechanism by the immune system to ensure that the
healing process continues while the material is being reab-
sorbed/degraded.®

The capsule observed at 30 days is very small and appears to
delineate the reabsorption zone (Fig. 11A). In formulation F2,
there is a faster reabsorption and degradation of the material,
possibly caused by increased hydrophilicity. This can be
explained by the presence of ZnO NPs, which are also rich in -
OH groups on their surface besides being biocompatible.®”

In formulation F3, the incorporation of NPs-CS results in
more controlled degradation and resorption of the scaffold
because NPs-CS might act as initiation sites for degradation,
affecting the rate at which enzymes, other agents, and biological
factors such as lymphocytes, macrophages, and fibroblasts can
access to break down the material and deposit the temporary
matrix of connective tissue.®®

In formulation, F4, both NPs-CS and NPs-ZnO were incor-
porated into chitosan. Their presence reduced the degradation
rate of CS by providing a larger surface area, more initiation
sites for degradation and reabsorption, and more sites for
interaction with cells. Thus, the material's progressive degra-
dation and reabsorption process occurred, accompanied by
a moderate inflammatory infiltrate and the formation of an
organized extracellular matrix rich in type I and III collagens in
the reabsorption zone.

Overall, the porous chitosan matrices studied in this
research induced a foreign body reaction-type inflammatory
response characterized by a fragile fibrous capsule and a reab-
sorption process of the polymeric structure. This reabsorption
was characterized by simultaneous degradation of the structure
along with the deposition of connective tissue, similar to what
has been reported by Popryaduhin, Yukina, Suslov, et al.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Subdermal tissue implanted with scaffolds at 30 days. (A) Sample F1, MT technique, image at 4x magnification. (B) Sample F1, GT
technique, image at 4x magnification. (C) Sample F1, MT technique, image at 100x magnification. (D) Sample F2, HE technique, image at 4x
magnification. (E) Sample F2, GT technique, image at 40x magnification. (F) Sample F2, HE technique, image at 100 x magnification. (G) Sample
F3, TG technique, image at 4x magnification. (H) Sample F3, GT technique, image at 100x magnification. (I) Sample F3, HE technique, image at
40x magnification. (J) Sample F4, HE technique, image at 4x magnification. (K) Sample F4, MT technique, image at 40x magnification. (L)
Sample F4, HE technique, image at 100 x magnification. D: Dermis. M: muscle. IZ: implantation zone. FC: fibrous capsule. Yellow arrow: material
particles. Purple arrow: type Il collagen fibers. Blue arrow: type | collagen fibers. Black arrow: inflammatory cells. Red circle: area of histological

interest. Red star: inflammatory infiltrate. BV: blood vessel.

Chitosan freeze-dried porous scaffolds have demonstrated
biocompatibility in different regeneration tissue therapies. For
example, improving fibroblast cell adhesion, proliferation, and
mechanical reinforcement for hard tissues with pre-loaded
hydroxyapatite and bioglass nanoparticles benefits hard tissue
regeneration.”

On the other hand, chitosan-based nanocomposites have been
used for wound healing due to their excellent antimicrobial,
stimuli-responsiveness, and easy handling. Besides, incorporating
several nanoparticles, including silver, iron, copper, and zinc
hydroxyapatite, as fillers for wound dressing applications has
demonstrated an improvement in the antimicrobial and regen-
eration capacity, indicating the potential of these nanocomposite
scaffolds for tissue regenerative therapies.”® However, some
metallic nanoparticles are concerned about their safety, limiting
their use. Therefore, the results presented here incorporating NPs-
Cs for soft tissue regeneration in chitosan scaffolds are promising
since they avoid using toxic nanoparticles while retaining
mechanical, thermal, and antimicrobial reinforcement.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Conclusions

The research on chitosan scaffolds prepared by freeze-drying,
incorporating NPs-CS and NPs-ZnO, has provided funda-
mental insights for their application in tissue regeneration. The
size of the nanoparticles was effectively controlled, exhibiting
monodisperse and homogeneous characteristics. These inclu-
sions significantly impacted the mechanical properties of the
scaffolds; for instance, NPs-ZnO reduced deformation, whereas
NPs-CS enhanced Young's modulus, with formulation F3
standing out. Thermogravimetric and hydrolytic degradation
analyses revealed distinct profiles across formulations, sug-
gesting improved stability with NPs-ZnO. FTIR and XRD tech-

niques confirmed chemical interactions and structural
changes, validating the efficacy of freeze-drying in
functionalization.

Regarding antimicrobial properties, NPs-CS effectively
inhibited Gram-negative bacteria but showed limitations
against S. aureus. NPs-ZnO exhibited low inhibition due to

RSC Adv, 2024, 14, 13565-13582 | 13579
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specific responses of Gram-negative bacteria to oxidative stress.
The scaffolds F1, F2, and F4 demonstrated overall high anti-
microbial activity, but F3 showed constraints against a multi-
drug-resistant strain of S. enterica Typhimurium. The
histological analysis reflected biocompatibility, showing
controlled immunological responses and potential acceleration
in degradation with NPs-ZnO. In summary, this study expands
the boundaries in tissue engineering and regenerative medicine
by highlighting the crucial role of nanoparticles in optimizing
scaffold properties.
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