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Abstract: The use of bioactive materials, such as Ximenia americana L., to stimulate the bone repair
process has already been studied; however, the synergistic effects of its association with light emitting
diode (LED) have not been reported. The present work aims to evaluate the effect of its stem
bark extract incorporated into methacrylate gelatin hydrogel (GeIMA) on the bone repair process
using pure hydrogel and hydrogel associated with LED therapy. For this purpose, the GelMA
hydrogel loaded with Ximenia americana L. extract (steam bark) was produced, characterized and
applied in animal experiments. The tests were performed using 50 male Wistar rats (divided into
5 groups) submitted to an induced tibia diaphyseal fracture. The therapy effects were verified
for a period of 15 and 30 days of treatment using histological analysis and Raman spectroscopy:.
After 15 days of induced lesion/treatment, the new bone formation was significantly higher in the
GXG (GelMA + X. americana L.) group compared to the control group (p < 0.0001). After 30 days, a
statistically significant difference was observed when comparing the GXLEDG (GelMA + X. americana
L. + LED) and the control group (p < 0.0001), the GXG and the control group (p < 0.001), and when
comparing the GG, GXG (p < 0.005) and GXLEDG (p < 0.001) groups. The results shows that the
Ximenia americana L. stem extract incorporated into GeIMA hydrogel associated with LED therapy is
a potentiator for animal bone repair.

Keywords: biomaterials; plant extract; hydrogel; bone repair; photobiomodulation

1. Introduction

Bone repair is a natural process that involves a series of complex biological events
aimed at restoring bone integrity and function. Some factors that can affect bone repair
include age, nutrition, blood supply, stability, diabetes, smoking and certain medications [1].
In cases of severe fractures or complications, bone grafts or growth factors can be used to
stimulate bone repair. Although bone grafts can be effective in promoting bone regener-
ation, there are several challenges and limitations associated with this approach, such as
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limited availability, healing time, graft resorption, non-union and late union, risk of infec-
tion, immune response, rejection and nonviable cost [2,3]. Given the challenges associated
with conventional approaches, researchers and healthcare professionals are continually
exploring alternative treatments for bone repair. Some promising options include tissue
engineering, including structures, growth factors and stem cells [3-6]; bone morphogenetic
proteins (BMPs) [7]; mesenchymal stem cell therapy [6]; 3D printing [4,5,8]; and gene
therapy [7,9].

Photo-crosslinkable hydrogels with exceptional biocompatibility and biodegradabil-
ity possess the capacity to substantially enhance cell migration, proliferation and differ-
entiation, making them extensively employed in the field of tissue engineering [8,10].
Methacryloyl gelatin (GelMA) is a flexible hydrogel derived from gelatin and modified
with methacrylamide and methacrylate groups, allowing it to crosslink when exposed to
light irradiation. This versatile hydrogel can be fabricated using diverse methodologies,
including microforming, photomasking, bioprinting and microfluidic techniques. It is
characterized by high flexibility, porosity and hydrophilicity, leading to minimal inflamma-
tory responses when used in the body. In addition, they exhibit promising osteoinductive
properties that are beneficial for bone repair [11-13]. Their structure closely resembles the
cell matrix, making them well suited for cell culture both in vitro and in vivo [14].

In the same context, natural compounds derived from medicinal plant extracts, such
as Davallina orientalis, Lepidium sativum L., Cimicifuga racemose (Actaea), Piper sarmento-
sum, Ormocarpum cochinchinense, Peperomia pellucida, Symphytum officinale, Chenopodium
ambroisioides L., Epimedium sagittatum, Nigella sativa, Aloe vera, Sambucus williamsii, Ulmus
davidiana, Spinacia oleracea, Dalbergia sissoo, Marantodes pumilum, Cassia occidentalis L. [15],
Astragalus membranaceus [16], Anredera cordifolia [17], Cissus quadrangularis, Withania
somnifera and Tinospora cordifolia [18], are widely used to promote bone repair. Among
the most studied herbal medicines, Ximenia americana L., which is a plant that is found
in various regions of the world, possesses medicinal properties that are utilized and rec-
ognized [19]. The pulverized stem of Ximenia americana L. has been recommended for
the repair and control of the inflammatory process, and proven results in research carried
out through experimental models showed that this extract can be used to promote tissue
repair [20]. The aqueous crude extract derived from various parts of the plant, including
the leaves, roots, stem and stem bark, contains a range of secondary metabolites. These
include tannins, flavonoids, saponins, steroids and triterpenes [21-23].

Phytochemical investigations of Ximenia americana L. steam bark reported by
Santana et al. [19] and Almeida et al. [24] have revealed the presence of several bioac-
tive compounds in different extracts, including aqueous, ethanolic and hydroalcoholic
extracts. These compounds include condensed tannins, hydrolysable tannins, saponins,
glycosides, polyphenols, flavonoids and terpenoids [23]. Flavonoids play a crucial role
in various physiological processes within the body. They aid in the absorption of iron
and vitamins and exhibit several beneficial properties, including antioxidant, antimicro-
bial, immunomodulatory, anti-inflammatory, and antinociceptive effects [25]. In addition,
flavonoids possess analgesic properties and contribute to the regeneration of cartilage [26]
and bones [27-30]. They also promote vasodilation and tissue healing in incisional wounds.
In the context of bone repair, flavonoids exhibit anti-osteoclastic and anti-inflammatory ef-
fects by inhibiting the expression of osteoclastic markers, reducing reactive oxygen species
and pro-inflammatory cytokine levels, as well as matrix metalloproteinases. Additionally,
flavonoids enhance the osteogenic potential of pre-osteoblastic cells and stimulate the
overexpression of osteogenic markers [29,31]. The flavonoids found in Ximenia americana L.
are catechin, rutin, myricetin and (-)-epicatechin, the latter being found in greater amounts
in the stem and root extracts [32-34].

The application of photobiomodulation LED therapy (light emitting diode therapy)
has been widely studied in the treatment of different bone conditions [35-38]. The re-
sults of these studies have shown that the LED therapy in the near-infrared (invisible)
wavelength spectrum has a positive effect on bone tissue metabolism and on fracture
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consolidation [39-42], as it stimulates mitochondrial metabolism, resulting in increased
differentiation and proliferation of osteogenic cells and subsequent higher bone matrix
deposition [43,44]. This evidence emphasizes the ability of LED therapy to stimulate bone
formation and optimize bone repair.

Recent research demonstrates the association of poly (3-aminoester) (PBAE) hydrogel
with total flavonoids with osteogenic properties [45]. Given this perspective, the interest in
the subject is justified by the scarcity of studies that investigate the incorporation of Ximenia
americana L. extract into GeIMA hydrogel, as well as the association of the components
(GeIMA and GelMA /extract of Ximenia americana hydrogel) with LED (photobiomodula-
tion) in bone repair. Therefore, in the present study, the synergistic effect from pure GelMA
hydrogel loaded with aqueous extract from Ximenia americana L. stem-bark, and the effect
of the hydrogel combined with LED therapy was evaluated.

2. Materials and Methods
2.1. Ximenia americana L. Extract

A sample of Ximenia americana L. was collected in Domingos Mourao (4°09'14.8” S
and 41°18'28.3"” W), a city in Piaui, Brazil, in January 2018. The different parts of the plant,
including the stem, leaves, flowers and fruits, were identified and documented. A voucher
specimen was preserved under the accession number HAF 03541 at the Herbarium Afranio
Gomes Fernandes (UESPI).

Following the methodology proposed by Carvalho et al. in 2020 [33], the bark of the
Ximenia americana L. stem (300 g) was washed with water and placed in a beaker containing
2 L of distilled water. The beaker was then stored at 4 °C for 5 days. After this period,
the liquid was filtered, and the aqueous extract was obtained. A portion of the extract
was lyophilized, and both the aqueous and lyophilized samples were kept frozen until
further use.

2.2. Incorporation of Ximenia americana L. in GelMA Hydrogel

The photopolymerizable methacrylate gelatin (GelMA) was obtained following the
procedure described by Nichol et al. [46]. Briefly, 10 g of Type A gelatin (from pork skin,
Sigma-Aldrich, Sao Paulo, Brazil), were dissolved in 100 mL of phosphate buffer solution
(pH 7.4, Sigma-Aldrich), mixed and stirred for 1 h at 50 °C. Next, 3 mL of methacrylate
anhydride 3-(trimethoxysilyl) propyl methacrylate (Sigma-Aldrich) was slowly dropped
and stirred into the system for 3 h at 50 °C. Separately, 400 mL of PBS was pre-warmed
to 50 °C and then mixed into the initial solution (reaching a volume of 500 mL). Next, the
solution was then dialyzed using deionized (DI) water (12-14 KDa dialysis membranes,
Sigma-Aldrich) for 7 days at 40 °C. The deionized water was changed twice a day. Finally,
the solution was transferred to Falcon tubes, frozen at —80 °C and lyophilized, and the
GelMA was obtained.

The GelMA / Ximenia americana L. hydrogel was obtained by adding Ximenia americana
L. aqueous extract at a concentration of 5% in GelMA solution before the photoinitia-
tor agent Irgacure insertion at a concentration of 0.5% 2-hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone (from Irgacure 2959, Sigma-Aldrich) to a 10% gelatin solution.
Eppendorf tubes (used as a template) were taken to UV photocrosslinking (360-480 nm)
for 5 min.

2.3. Hydrogel Characterization

The spectra were obtained from KBr pellets (spectroscopic grade), at a ratio of 1:100
sample/KBr. Before analyses, all samples (Ximenia americana L., GeIMA and GelMA / Ximenia
americana L.) and KBr were dried at 50 °C for 40 min. Next, the tablets were prepared using
a press. The analyses were carried out using a Thermo Nicolet Nexus 470 equipment with
Fourier transform infrared spectroscopy (FTIR) while using a transmittance module with

an accumulation of 48 scans from 4000 to 500 cm !, observing a resolution of 2 cm™~!.
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Thermogravimetric analysis curves (TGA) were obtained on a SDT Q600 analyzer
model (TA Instruments, Sao Paulo, Brazil). TGA curves were obtained using alumina
sample support, and approximately 8 & 0.1 mg of sample was used. The analyses were

performed with a heating rate of 10 °C min~! in an atmosphere composed of air and N2,

using a flow rate of 40 mL min~!.

Differential scanning calorimetry (DSC) curves were obtained in a DSC Q20 calorime-
ter model (TA Instruments), using an aluminum pan containing 2 4= 10 mg of sample in a
nitrogen atmosphere under a flow rate of 20 mL min~!. All results were obtained using the
temperature ranging from 20 to 800 °C at a heating rate of 10 °C min~!. All data analyses
were performed using the TA Instruments Universal Analysis 2000 software, version 4.7A.

X-ray diffraction measurements were performed on the GeIMA hydrogel samples,
including those containing Ximenia americana L. and those without it. The samples were
ground, the spectra acquisition time increased, and the scan was performed from 10° to
70°, with a step of 0.0200/s and speed of 0.5° /min for a total of 2 h of analyses for each
sample. X-ray diffraction analyses were performed in a Rigaku X-ray unit, last model IV
2Theta/Theta, 40 kV voltage and 30 mA current, and a sealed Cu tube was used.

2.4. Controlled Release Test of Epicatechin—Main Compound of Ximenia americana L.

UV-Vis (Shimadzu UV-160A, Barueri, Brazil) absorption spectra were performed from
200 to 700 nm to identify the absorbance band of epicatechin, the main compound of the
Ximenia americana L. sample. An analytical curve, observing the A max. = 278 nm, was
obtained from the Ximenia americana L. stock solution (1 mg/mL) in concentrations ranging
from 50 to 250 ug/mL. All curves were performed in triplicate (n = 3).

The analytical curve constructed was then used to determine the concentration of
epicatechin release through an in vitro release assay of the GeIMA epicatechin. For this
purpose, the experiment was carried out using the GelMA + Ximenia americana L. 5%
hydrogel (m = 0.0005 g) was inserted in 10 mL of PBS (pH 7.4 4 0.1) and incubated at
37 °C under 100 rpm of stirring. In the periods fixed at 15 min, 30 min, 1 h, 2 h, 24 h and
for 30 days (maximum experimental time in the in vivo tests for the hydrogel), 3.0 mL
of solution was removed from these mediums, and the amount of the epicatechin was
detected using UV-Vis spectroscopy. Each experiment was performed in triplicate.

2.5. In Vivo Study
2.5.1. Ethical and Legal Aspects, and Experimental Animals

The present study was approved by the Animal Ethics Committee of the State Univer-
sity of Piaui (protocol 00089.007021/2021-66). Fifty male Wistar rats (Rattus norvegicus
albinus), 8 weeks old and weighting 250-300 g, were kept at the Animal Hospital located
at the State University of Piaui. The animals were housed in standard polyethylene cages
under controlled conditions, including a temperature of 24 £ 1 °C, humidity of 60% and
a 12/12 h light/dark cycle. They were provided with unrestricted access to suitable food
and water.

The animals were divided into five groups (n = 10), with 5 rats from each group
euthanized at the experimental times of 15 and 30 days. The groups were submitted to the
following:

Control Group (CG): induced fracture and no treatment;

GelMA Group (GG): induced fracture and GelMA as treatment;

GelMA + LED Group (GLEDG): induced fracture and GelMA + LED as treatment;
GelMA / Ximenia americana L. Group (GXG): induced fractures and GelMA / Ximenia
americana L. as treatment;

o  GelMA /Ximenia americana L. + LED Group (GXLEDG): induced fractures and GelMA/
Ximenia americana L. + LED as treatment.
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2.5.2. Surgical Procedure

A pre-treatment using atropine provided by Alergan® (Guarulhos, Brazil) was ad-
ministrated to the animals (0.04 mL/100 g of animal weight). After 15 min, they were
anesthetized intramuscularly using 10% ketamine hydrochloride and 2% xylazine hy-
drochloride provided by Syntec® (0.1 mL/100 g of animal weight) [47,48]. Next, the
animals were submitted to depilation and asepsis in the right tibia region with topical
polvidone (Bioquimica®, Belo Horizonte, Brazil).

The procedures for fracture and implantation of the biomaterial were performed using
the protocol adapted by Kido 2015 et al. [49]. Briefly, the critical bone defect was induced
after a longitudinal incision in the skin, and the separation of the subcutaneous connective
tissue was performed with a surgical micromotor (3 mm in diameter), followed by insertion
of the biomaterial at the injury site, according to the treated groups. To obtain this cavity, a
constant torque of 45 N was stipulated at a speed of 45,000 rpm and abundant irrigation
with saline solution for the viability of bone regeneration.

At the end of the procedure, the animals received subcutaneous tramadol hydrochlo-
ride analgesic (12.5 mg/Kg), administered every 6 h. Periodic assessments (every 2 h),
were also performed to identify pain by facial expression and behavior. The euthanasia
of the animals was proceeded in the period of 15 and 30 days after induction of injury
by overdose administrating 150 mg/kg of sodium thionembutal [50,51]. Samples of bone
tissue from the groups were removed and kept in liquid nitrogen. The collected samples
were sent for Raman spectroscopy analysis and histopathological analysis.

2.5.3. LED Therapy

To stimulate bone repair, 1 LED light device (Endophoton, KLD, Biosistemas, Am-
paro, Brazil) was used, which emitted in the near infrared electromagnetic spectrum of
858 £ 20 nm. The intervention of the LED group was performed after the surgical proce-
dure, which corresponds to the period from the beginning of the inflammatory phase of
bone repair for several days after the postoperative period until euthanasia. The application
was performed on the right tibia using the punctual technique (one point on the fracture),
with the equipment pen positioned perpendicularly to the bone tissue for 120 s using 6 J of
energy, 12 J/cm? of energy density and 0.1 W/cm? of potency.

2.5.4. Histological Analysis

Buffered formalin was used for 48 h to fix each sample, and after fixation, the samples
were decalcified with EDTA (ethylendiaminetetra acetic acid, 10% w/v, pH 7.2) for four
weeks. After decalcification, the samples were immersed in alcoholic solutions (gradually
increasing concentrations) for dehydration and treated with xylene in an automatized tissue
processor (PT05 TS Luptec, Sao Carlos, Brazil). After being embedded in paraffin, a rotating
microtome (MRP09 Luptec, Sao Carlos, Brazil) was used to obtain serial histopathological
sections (with a thickness of 5 pm and a distance between 2 and 3 pm,), and the samples
were colored using hematoxylin and eosin (H.E.) at two sections/blade.

The samples were studied using a trinocular light microscope (model Olympus CX31,
Tokyo, Japan), and photographic images were made in triplicate using a digital camera
(Moticam WiFi X, MoticMicroscopes, Richmond, VA, USA) with connection to a computer.
The histopathological semiquantitative analysis of new bone formation was performed
according to the aspects described in the literature [52,53]. All images were enlarged using
a micrometric ruler as a parameter of magnitude of amplification, which was inserted into
all images collected using 4 x and 10x magnification objectives. The processed specimens
were evaluated through comparative descriptive analysis.

2.5.5. Dispersive Raman Spectroscopy

To perform the Raman spectroscopy, the samples were kept at room temperature
(removed from the nitrogen). The spectra were obtained in a Raman spectrometer (model
Senterra II, Bruker, Fallanden, Switzerland), using A = 785 nm laser for excitation. The
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laser parameters used are 50 mW of output power, a spectral resolution of 9-15 cm~" for
15 s, a gamma spectral set up at 400 a, and a 90-3, 500 cm~! 10 objective. The spectrum
was collected in triplicate (10 um of distance between the points) for all bone regions of
interest. The spectrum of normal cortical bone, referred to as healthy, was acquired from a
region distant from the induced lesion after euthanizing the animals at 15 and 30 days. To
compare the Raman spectra of the biomaterials (GelMA and GelMA + Ximenia americana L.),
with the treated and healthy regions, the raw spectrum in the range of 90-3500 cm ! was
processed using the Labspec 5.0 program. Fluorescence was eliminated by applying a
fifth-order polynomial fit, and additional preprocessing steps, such as baseline adjustment,
were performed.

The obtained spectra were normalized using a normalization vector. This normaliza-
tion process involved dividing the Raman intensity by the square root of the sum of the
calculated square intensities of the entire spectrum. The normalization was performed
using Origin 2018 software. After identifying the peaks in the spectra, the integrated areas
of the main evaluated peaks were calculated within the range of 957-962 cm !, which
corresponds to the phosphate band and is representative of the mineral content in the
bone. This analysis aimed to quantify the bone composition and assess any alterations in
the mineral.

To further characterize bone alterations in the mineral, crystallinity was determined
by calculating the inverse of the full peak width at half maximum (FWHM) of the vl
phosphate band peak, which is located around ~960 cm~!. The FWHM represents the
width of the peak at its half maximum intensity, and by inverting this value, the crystallinity
of the bone can be obtained. This provides insights into the degree of mineralization or
structural changes in the bone sample.

2.5.6. Statical Analysis

The analysis of the results was conducted using GraphPad Prism® software (version 8.3.0,
Instat Software Inc., La Jolla, CA, USA). Statistical data analyses were performed using
ANOVA as a parametric test and the Kruskal-Wallis test as a non-parametric test. A Dunn
post-test was applied for further analysis. The significance level was set at p < 0.005, indi-
cating statistical significance. The results are presented as means and standard deviations,
providing a measure of central tendency and variability, respectively.

3. Results and Discussion
3.1. Production and Characterization of Raw Materials and GelMA and Gel MA + Ximenia
americana L. Hydrogels

FTIR spectroscopy was performed to characterize the material and evaluate its chemi-
cal composition. Figure 1A presents the spectra for the GelMA, Ximenia americana L. and
GelMA + Ximenia americana L. Figure 1A(a) presents the Ximenia americana L. spectrum.
The following are main bands found and attributed at approximately 3000 to 3800 cm ™!
band, related to the O-H stretching bond at 1614 and 1517 cm~! bands assigned to the C=C
bonds of the aromatic groups; at 1448 and 1388 cm ™! bands, related to C-H bonds; at 1300
to 1000 cm ! bands, characteristic of C-O stretching vibration; and at 796 and 667 cm !
bands, corresponding to C-H bonds in aromatics.

The bands were assigned according to the results found [19,24]. Figure 1A(b) presents
the GelMA spectrum. The main bands found and assigned were around 3000 and 3600 cm ™!
bands, referring to the peptide bonds (N-H); at 1650 cm ! bands, corresponding to Amide
I, mainly the C=O stretching groups; and at 1490 and 1580 cm ! bands, corresponding to C-
N-H folding vibrations. The studies by Santana et al. [19] and Almeida L et al. [24] provided
insights into the chemical bonds associated with various functional groups, including ethers,
esters and carboxylic acids. These functional groups are commonly found in flavonoids,
tannins, anthraquinones and other secondary metabolites present in the extract. The
information from these studies helped in identifying and interpreting the specific chemical
bonds observed in the spectra. Figure 1A(c) showed that the GeIMA + Ximenia americana L.
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spectrum maintained the same profile of the GelMA spectrum, only observing an increase
in the transmittance intensity of the bands. This fact demonstrates that there was an
overlapping of the bands of the GelMA and GelMA + Ximenia americana L. materials and
that this overlap is not indicative of chemical incompatibility.
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Figure 1. (A) FTIR spectra in vibrational regions from 4000 to 500 cm ™! for Ximenia americana L.
(a), GeIMA, and (b) GelMA + Ximenia americana L. (c). (B) Thermal analysis results.

The X-ray diffractograms of the Ximenia americana L. samples and the GelMA + Ximenia
americana L. hydrogel show a high degree of amorphization, and only a very wide band can
be seen for both samples in the region between the angles of 10° and 40°, corresponding to
pure gelatin [54].

Thermogravimetric results for GelMA, X. americana L. and GelMA + X. americana
L. are shown in Figure 1B. As can be observed, the results for X. americana L. showed
three decomposition stages, with a mineral residue of ~23.4%. The first event occurs in
the temperature range between 27 and 138 °C and can be attributed to the loss of volatile
materials, such as the water used in the process. On the other hand, the second and
third events occurred at temperatures above 200 °C and 400 °C, respectively, and can be
associated with the decomposition of a wide variety of secondary metabolites, mainly the
phenolics present in the extract. Equal results were obtained by Santana et al. [19], and by
Almeida et al. [24]. The thermal degradation behavior of the GelMA shows two mass loss
events: The first occurs in the temperature range between 27 and 212 °C, probably caused
by the loss of water molecules, and a second event occurs at temperatures higher than 325
°C, which can be attributed to the degradation of the biopolymer, with a residue of ~23.1%
of mass. Similar thermal behavior results were obtained by Aldana et al. [55]. The thermal
behavior for the GelMA + X. americana L. hydrogel is similar to that obtained for the GelMA.
As can be observed, there are two mass loss events for the sample: the first is observed in
the temperature range between 26 and 202 °C caused by the loss of water molecules and
volatile materials, and the second event occurs at temperatures above 200 °C, which can
be attributed to the degradation of the biopolymer and the decomposition of secondary
metabolites, and a residue of approximately ~27.6% by mass was observed. Based on
the results of the TG/DTG analysis, we can infer that both the GelMA and GelMA + X.
americana L. have good thermal stability at temperatures up to 200 °C with no significant
mass loss (decomposition) in this temperature range. This result enables the application
of these materials in this temperature range. More information regarding the thermal
behavior of the samples were obtained in the DSC analysis. In the DSC curve of the GelMA,
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an endothermic band was observed in the range between 30 and 120 °C, and that can
be attributed to the glass transition of blocks of amino acids in the peptide chain relative
to the amorphous regions of gelatin and to the loss of water and protein breakdown. A
similar result was found by Aldana et al. [55] and El-Maghawry et al. [56]. The DSC curve
for the GelMA + X. americana L. hydrogel shows an endothermic band in the range of
36-110 °C that can be attributed to the glass transition of amino acid blocks in the peptide
chain relative to the amorphous regions of gelatin and to the loss of water and degradation
of proteins, as seen in the GeIMA DSC curve. In the region between 250 and 320 °C, an
endothermic band was observed, which can be attributed to the breakage of hydroxyl bonds
present in X. americana L. A similar phenomenon was observed by De Salvi et al. [57].

3.2. Controlled Release Test of Epicatechin—Main Compound of Ximenia americana L.

The biochemical characterization of X. americana L. in most existing studies is concen-
trated on the investigation of the pulp and seed of the fruit, with rare studies involving the
stem, even knowing that this component is widely used in traditional medicine. Figure 2A
shows the UV-Vis spectra of the Ximenia americana L. stem extract, and a peak centered
at 278 nm was observed. According to a study published by Aragao [58], absorption
bands centered at 270 nm, 278 nm and 280 nm correspond to the main constituents of the
X. americana L. stem bark, which are procyanidin B, catechin/epicatechin and procyanidin
C, respectively. Among these compounds, epicatechin was found in greater amounts
in studies published by Santana et al. [19]. Both studies reported the presence of bands
referring to epicatechin between 276 nm and 278 nm. Based on these studies, the band
found at 278 nm from the X. americana L. extract was attributed to the epicatechin/catechin

compound (Cs5H140g).
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Figure 2. (A) UV-Vis spectrum of the Ximenia americana L. extract. (B) Controlled release of epicatechin
as a function of time from the GelMA + Ximenia americana L. hydrogel.
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Next, to evaluate the epicatechin release time by the GeIMA + X. americana L., the
analytical calibration curve and the controlled release of epicatechin were performed. The
obtained analytical curve showed a linear range from 5 to 250 pg/mL, and the interval
can be expressed by the equation y = 0.00000296x + 0.001 (R? = 0.998). Figure 2B presents
the release assay results from the GeIMA + X. americana L. hydrogel. As can be observed,
the release of the extract starts at ~15 min after application and continues upwards until
reaching the maximum release peak (922.50 pg/mL ') after ~4 days. After that, the
concentration released starts to decline slowly until ~15 days, and a new release peak
occurs at ~19 days (654.9 pug/mL™!), decreasing quickly at ~23 days (0.8296 pug/mL™1).
The amount released at the experimental time of 30 days is minimal, constant and close
to zero (0.233 ug/mL~1). By not zeroing out and continuing to release even in smaller
amounts until the 30th day of the experimental period, it can be concluded that the release
of X. americana L. is adequate during the period in which the in vivo tests were carried out.

3.3. In Vivo Experiments

Bone healing can indeed be monitored using Raman spectroscopy since it allows for
the determination of hydroxyapatite concentration/incorporation, which is an essential
component of mineralized bone. Hydroxyapatite is a calcium phosphate mineral that
constitutes a major part of the inorganic bone matrix. Through this technique, the hydrox-
yapatite phosphate band, centered at approximately 960 cm !, can be monitored [59], and
used as a bone repair marker [60-62]. Figure 3 A,B shows the Raman spectra for 15 and
30 days after the surgical procedure, respectively. As can be observed in Figure 3A, the
GLEDG (GelMA + LED) and GXG (GelMA + X. americana L.) groups showed bands with
greater intensity and closer to the healthy one, suggesting an optimized bone regeneration
process in these groups, with a high deposition of v1 PO,%~ in a concentration similar to
that of healthy bone. On the other hand, the CG showed a lower level of mineralization
than the others, indicated by the low relative intensity of the band associated with v1
PO43~. The greater bone repair observed for the mentioned groups can be explained by
the immediate effect of using X. americana L. and LED in the GXG and GLEDG groups,
respectively. Regarding GXG, we can attribute this optimization of bone repair to the
large amount of epicatechin released by the X. americana L. in the first days (presented in
Figure 2B), where a peak maximum of release was observed at ~4 days. Epicatechin is a
flavonoid, which presents antioxidant activity attributed to the phenolic radicals of its struc-
ture. These findings corroborate the study by Wan Osman et al. [63], which investigated
the use of noni leaves (rich in epicatechin), in bone repair and in combating inflammation
of the joint cartilage in rats. The investigation took place through cultures of cartilage
explants and preclinical studies. In their results, in a period prior to 30 days, epicatechin
suppressed the release of glycosaminoglycan and nitric oxide from the cartilage explant and
significantly reduced the amount of mRNA in joint tissues, thus increasing bone formation
in addition to improving the structure of joint cartilage and chondrocytes. Regarding the
GLEDG (GelMA + LED) group, the improvement can be attributed to the systemic and
instantaneous effect resulting from photobiomodulation through LED irradiation to the
tissue. Photobiomodulation from LED increases bone metabolism and accelerates fracture
healing. Our results corroborate findings in other research studies [38,59,64], which have
also found evidence of the optimization of bone repair in fractures in a period prior to
30 days.

From the Raman spectra presented in Figure 3B, it is possible to observe that the
relative intensity of the v1 PO43~ band for the GG, GLEDG and GXG groups has the same
intensity to that found for healthy bone. Interestingly, the intensity of the band found
for the GXLEDG group exceeded what was shown for healthy bone, suggesting a greater
deposition of phosphate (bone) than normal. This result corroborates the large amount
of newly formed bone around the fracture shown for these groups, as seen below in the
histological analysis.
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Figure 3. Mean Raman spectra of the bone tissue for the groups at (A) 15 days and (B) 30 days after
the surgical procedure at ~960 cm™!, referring to v1 PO,3~.

It is known that low intensity laser therapy (LILT) and photobiomodulation have
the main purpose of promoting the interaction between biological tissues associated with
their optical characteristics, such as reflection, transmission, scattering and absorption [65].
Regarding the effects of photobiomodulation on bone tissue, the therapy aims to stimulate
cell proliferation since this resource has the capacity to interact with bone content, favoring
the biochemical modulation of bone cells, stimulating mitochondrial respiration, acceler-
ating osteogenic potential through the migration and differentiation of these cells to the
irradiation site, stimulating collagen production and the mineralization of the extracellular
matrix [66]. On the other hand, the CG presented a lower level of mineralization than the
other groups, which was expressed by the low relative intensity of the v1 PO43~ band in
the same experimental period (30 days).

Figure 4 A,B presents the spectra of the integrated areas of the band centered at 960 cm !
(related to v1 PO,>") after 15 and 30 days, respectively, which is related to the carbonated apatite
data. On the 15th day of the experiment, a statistical difference was observed when comparing
all treated and control groups, suggesting an increase in PO43~ deposition that is statistically
significant (p < 0.0001) between the GLEDG (GelMA + LED) and GXG (GelMA + Ximenia
americana L.) groups, with p < 0.001 for the GXLEDG (GelMA + Ximenia americana L. + LED)
and GG (GelMA), confirming the findings in Figure 3. A difference (p < 0.05) was also
found between the GG (GeIMA) and GXG (GelMA + Ximenia americana L.) groups, also
noting that the control group had a significantly lower PO,3~ deposition than healthy bone
(p < 0.0001). After a period of 30 days, a statistical difference comparing all treated and
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control groups was observed, identifying an increase in PO,>~ deposition, being statistically
significant (p < 0.0001) between the GXLEDG (GelMA + Ximenia americana L. + LED) and
control groups, and p < 0.05 between the GLEDG (GelMA + LED), GXG (GelMA + Ximenia
americana L.) and GG (GelMA) groups. A difference (p < 0.05), was also found between the
GG (GelMA) and GXLEDG (GelMA + Ximenia americana L. + LED) groups, also noting that
the control group had a lower PO,3~ deposition than healthy bone (p < 0.001).
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Figure 4. Mean and standard deviation of the integrated areas for bands centered at 960 cm ! (related
to v1 PO43) after 15 (A) and 30 days (B) of treatment. Mean and standard deviation of crystallinity
after 15 (C) and 30 days (D) of treatment.

Figure 4 C,D presents the spectra for the crystallinity given for the inverse of the
width at half height of the peak after 15 and 30 days, respectively. Such data evaluate
bone composition by the deposition of new hydroxyapatite crystals in newly formed bone.
The crystallinity found in the treated groups (p < 0.0001), and of the healthy bone (p <
0.001), was significantly higher than that of the control group after 30 days of treatment,
with no statistical difference being observed comparing the treated groups. At 15 days of
treatment, a statistical difference was observed comparing the healthy group and CG (p
< 0.05), where the CG had lower crystallinity. The mineral crystallinity results obtained
from techniques such as Raman spectroscopy provide valuable information about the size
and maturation of mineral crystals in bone tissue, as mentioned in refs. [22,60]. Reduced
crystallinity indicates the presence of younger and smaller mineral crystals at the injury
site. During the early stages of bone healing, the rapid mineralization process leads to the
formation of smaller crystals with lower levels of organization. These crystals may have
a higher proportion of non-stoichiometric substitutions and a less defined crystal lattice
structure, resulting in reduced crystallinity values. As the bone healing progresses and the
tissue matures, the mineral crystals undergo a process of growth and maturation. This is
characterized by the replacement of carbonate ions and the incorporation of additional min-
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eral components, leading to larger and more ordered crystals. The increased crystallinity
reflects the improved organization and structure of the mineral crystals, indicating a higher

degree of maturation [59].

Figure 5 provides a representative histological overview of all the experimental groups
at two different time points, specifically 15 days (A) and 30 days (B) after the bone defect
was created. After 15 days, for the CG, GG, GLEDG and GXLEDG groups, the presence of
granulation tissue and a slight new bone formation can be observed in the entire defect.
However, the GXG group presented a greater presence of new bone tissue sites when
compared to the other experimental groups.

A)

15 days

|

PR R | P ) A N

da

GXLEDG

Figure 5. Bone defect photomicrography 15 days (A) and 30 days (B) after the surgery. Granulation
tissue (*); osteoid (#); neoformed bone tissue (—). Bar scale = 500 um (2.5 image); bar scale = 50 pm

(40x image). Used stains: hematoxylin and eosin.

After 30 days, it was possible to observe that for the CG, GG and GLEDG groups, the
center of defect was occupied by osteoid tissue and immature newly formed bone cells,
exhibiting some interconnected trabeculae. For the GXG and GXLEDG groups, woven
formed bone demonstrated a more mature aspect with a well-arranged bundle of bone
tissue compared to the other treated groups.

Figure 6 A,B demonstrates the semi-quantitative results of bone repair. In the analysis
of the samples at 15 days after surgery, the bone repair score of the GXG group was
significantly higher compared to the CG. However, no significant difference comparing the
score results for the GG, GLEDG, and GXLEDG groups was observed 15 days after surgery.

Thirty days post-surgery, the GXG and GXLEDG groups had the highest bone re-
pair score when compared to the CG. No other differences were observed in the other

experimental groups.

From the findings of the histological analysis, it is possible to suggest that both
therapies employed (associated or isolated) provided greater bone trabeculae filling, with
the results of bone repair being more expressive in the GXG group at 15 days and in the
GXG and GXLEDG groups at 30 days caused by the increased synthesis of osteoblasts
and collagen. There are no studies in the literature that have reported the use of Ximenia
americana L. in bone repair. However, these positive results can be explained by two
factors. The first corresponds to the Ximenia americana L. itself since several authors [21,22]
infer that the stem, as characterized in the present study, has secondary metabolites, such
as flavonoids. These metabolites can exert antimicrobial and modulating activities, in
addition to anti-inflammatory action, among others [67]. All these properties are inherent
to Ximenia americana L. when used alone or in association with hydrogels and seem to favor

bone repair.
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Figure 6. Experimental groups bone repair score 15 (A) and 30 days (B) after the surgery.

The second factor would be due to the associated treatments, since both the GeIMA [68],
and photobiomodulation seem to contribute to increased cell metabolism and, consequently,
to bone repair. GelMA increases bone tissue due to its inherent bioactivity and physical-
chemical adaptability [69], and due to its porous architecture, it promotes migration,
proliferation and osteogenic and chondrogenic differentiation [13,70]. In studies reported
by Comunian et al. and Ekizer et al. [43,64], who evaluated photobiomodulation in bone
repair, it was verified that this modality enabled the improvement of neoformation and
the quality of the formed bone tissue. This is because photobiomodulation promotes
the increased synthesis of the number of osteocytes, collagen and DNA synthesis, pro-
liferation and the differentiation of osteoblasts, in addition to cell metabolism [43,44].
Therefore, all these factors would also explain the better results obtained by the GXLEDG
(GelMA + Ximenia + LED) group at 30 days.

4. Conclusions

The Ximenia americana L. stem extract incorporated into the GeIMA showed satisfactory
results, i.e., it accelerated bone repair in the first 15 days after the fracture. Regarding the
association of biomaterial + LED, the group treated with GelMA + Ximenia americana L.
+ LED (GXLEDG) optimized the results by repairing and strengthening the injured bone
region in 30 days. Histologically, it was shown that both therapies applied in the study
(associated or not), caused greater filling by the bone trabeculae compared to the CG. In
30 days, the GXLEDG and GXG (GelMA + Ximenia americana L.) groups presented newly
formed bone tissue that is clearly more compact with maturation to bone tissue with a
cortical pattern. However, it is possible to observe that the Ximenia americana L. extract
incorporated into the GelMA, together with the photobiomodulation from the LED, is a
potentiator for bone repair in an animal model.

Author Contributions: Conceptualization, methodology, investigation and formal analysis, S.S.L.,
G.0.d.M.G,, V.T.U. and L.S.S.P;; writing—original draft preparation, writing—review and editing,
C.R.T. and L.A,; investigation, data curation and formal analysis, A.L.M.M.-F.,, R.A.d.O. and J.E-S.,
writing—review and editing, and supervision, A.O.L., writing—review and editing, and supervision,
A.P. All authors have read and agreed to the published version of the manuscript.

13



J. Funct. Biomater. 2023, 14, 438

Funding: This research was funded by Fundagao de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP) (grant number: 2017/19470-8), Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq) e Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior- Brasil (CAPES).

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nicholson, J.A.; Makaram, N.; Simpson, A.H.R.W.; Keating, J.F. Fracture Nonunion in Long Bones: A Literature Review of Risk
Factors and Surgical Management. Injury 2021, 52, S3-S11. [CrossRef]

2. Qiao, K.; Xu, L.; Tang, J.; Wang, Q.; Lim, K.S.; Hooper, G.; Woodfield, T.B.F,; Liu, G.; Tian, K.; Zhang, W.; et al. The Advances in
Nanomedicine for Bone and Cartilage Repair. . Nanobiotechnol. 2022, 20, 141. [CrossRef]

3. Qi, J; Yu, T,; Hu, B.; Wu, H.; Ouyang, H. Current Biomaterial-Based Bone Tissue Engineering and Translational Medicine. Int. |.
Mol. Sci. 2021, 22, 10233. [CrossRef]

4. Feng, Y, Zhu,S.; Mei, D.; Li, ].; Zhang, ].; Yang, S.; Guan, S. Application of 3D Printing Technology in Bone Tissue Engineering: A
Review. Curr. Drug Deliv. 2020, 18, 847-861. [CrossRef]

5. Cui, ZK,; Kim, S.; Baljon, ].J.; Wu, B.M.; Aghaloo, T.; Lee, M. Microporous Methacrylated Glycol Chitosan-Montmorillonite
Nanocomposite Hydrogel for Bone Tissue Engineering. Nat. Commun. 2019, 10, 3523. [CrossRef]

6. Lin, H.; Sohn, J.; Shen, H.; Langhans, M.T.; Tuan, R.S. Bone Marrow Mesenchymal Stem Cells: Aging and Tissue Engineering
Applications to Enhance Bone Healing. Biomaterials 2019, 203, 96-110. [CrossRef]

7. Dumic-Cule, I; Peric, M.; Kucko, L.; Grgurevic, L.; Pecina, M.; Vukicevic, S. Bone Morphogenetic Proteins in Fracture Repair. Int.
Orthop. 2018, 42, 2619-2626. [CrossRef]

8. Gao, J.; Liu, X.; Cheng, J.; Deng, J.; Han, Z.; Li, M.; Wang, X,; Liu, ].; Zhang, L. Application of Photocrosslinkable Hydrogels Based
on Photolithography 3D Bioprinting Technology in Bone Tissue Engineering. Regen. Biomater. 2023, 10, rbad037. [CrossRef]

9. Oh, W.T,; Yang, Y.S.; Xie, J.; Ma, H.; Kim, ].M.,; Park, KH.; Oh, D.S.; Park-Min, K.H.; Greenblatt, M.B.; Gao, G.; et al. WNT-
Modulating Gene Silencers as a Gene Therapy for Osteoporosis, Bone Fracture, and Critical-Sized Bone Defects. Mol. Ther. 2023,
31, 435-453. [CrossRef]

10. Ullah, S.; Hussain, Z.; Ullah, 1.; Wang, L.; Mehmood, S.; Liu, Y.; Mansoorianfar, M.; Liu, X.; Ma, F.; Pei, R. Mussel Bioinspired,
Silver-Coated and Insulin-Loaded Mesoporous Polydopamine Nanoparticles Reinforced Hyaluronate-Based Fibrous Hydrogel
for Potential Diabetic Wound Healing. Int. ]. Biol. Macromol. 2023, 247, 125738. [CrossRef]

11. Lantigua, D.; Wu, X.; Suvarnapathaki, S.; Nguyen, M.A.; Camci-Unal, G. Composite Scaffolds from Gelatin and Bone Meal
Powder for Tissue Engineering. Bioengineering 2021, 8, 169. [CrossRef]

12.  Goto, R.; Nishida, E.; Kobayashi, S.; Aino, M.; Ohno, T.; Iwamura, Y.; Kikuchi, T.; Hayashi, ].I.; Yamamoto, G.; Asakura, M.; et al.
Gelatin Methacryloyl-Riboflavin (Gelma-Rf) Hydrogels for Bone Regeneration. Int. . Mol. Sci. 2021, 22, 1635. [CrossRef]

13. Jiang, Q.; Bai, G.; Liu, X,; Chen, Y,; Xu, G.; Yang, C.; Zhang, Z. 3D Gelma Icc Scaffolds Combined with Sw033291 for Bone
Regeneration by Modulating Macrophage Polarization. Pharmaceutics 2021, 13, 1934. [CrossRef]

14. Klotz, B.J.; Gawlitta, D.; Rosenberg, A.J.W.P; Malda, J.; Melchels, PW. Gelatin-Methacryloyl Hydrogels: Towards Biofabrication-
Based Tissue Repair. Trends Biotechnol. 2016, 34, 394-407. [CrossRef]

15. Miranda, L.L.; Guimaraes-Lopes, V.D.P; Altoé, L.S.; Sarandy, M.M.; Melo, EC.S.A.; Novaes, R.D.; Gongalves, R.V. Plant Extracts
in the Bone Repair Process: A Systematic Review. Mediat. Inflamm. 2019, 2019, 1296153. [CrossRef]

16. Park, K.R,; Park, J.E.; Kim, B.; Kwon, L.K.; Hong, J.T.; Yun, H.M. Calycosin-7-o0-f3-Glucoside Isolated from Astragalus Mem-
branaceus Promotes Osteogenesis and Mineralization in Human Mesenchymal Stem Cells. Int. J. Mol. Sci. 2021, 22, 11362.
[CrossRef]

17.  Hanafiah, O.A.; Hanafiah, D.S.; Dohude, G.A ; Satria, D.; Livita, L.; Moudy, N.S.; Rahma, R. Effects of 3% Binahong (Anredera
Cordifolia) Leaf Extract Gel on Alveolar Bone Healing in Post-Extraction Tooth Socket Wound in Wistar Rats (Rattus Norvegicus).
F1000Research 2022, 10, 923. [CrossRef]

18.  Singh, P; Gupta, A.; Qayoom, L; Singh, S.; Kumar, A. Orthobiologics with Phytobioactive Cues: A Paradigm in Bone Regeneration.
Biomed. Pharmacother. 2020, 130, 110754. [CrossRef]

19. Santana, C.P.; Medeiros, ED.; Correia, L.P.,; Diniz, PH.G.D.; Véras, G.; Medeiros, A.C.D. Dissolution and Uniformity of Content of
Tablets Developed with Extract of Ximenia americana L. PLoS ONE 2018, 13, e0197323. [CrossRef]

20. Leal, S.S.;; Uchoa, V.T.; Figuerédo-Silva, J.; Soares, R.B.; Mota, D.M.; De Alencar, R.C.; Filho, ALM.M.; Sant’Ana, A.E.G.;
Beltrame Junior, M. Eficacia Da Fonoforese Com Ximenia americana L. Na Inflamacao de Tendao de Ratos. Rev. Bras. Med. Esporte
2016, 22, 355-360. [CrossRef]

21. da Silva, KM.A.; Chaves, T.P; Santos, R.L.; Brandao, D.O.; Fernandes, EH.A.; de Ramos Junior, EJ.L.; dos Santos, V.L.;

de Felismino, D.C.; Medeiros, A.C.D. Modulation of the Erythromycin Resistance in Staphylococcus Aureus by Ethanolic Extracts
of Ximenia americana L. and Schinopsis Brasiliensis Engl. Boletin Latinoam. Caribe Plantas Med. Aromdticas 2015, 14, 92-98.

14



J. Funct. Biomater. 2023, 14, 438

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Silva, M.S.P,; Brando, D.O.; Chaves, T.P.; Formiga Filho, A.L.N.; Costa, EM.M.D.B.; Santos, V.L.; Medeiros, A.C.D. Study
Bioprospecting of Medicinal Plant Extracts of the Semiarid Northeast: Contribution to the Control of Oral Microorganisms.
Evidence-based Complement. Altern. Med. 2012, 2012, 681207. [CrossRef]

Da Palma, A.EM.; Marques, L. K.M.; Carneiro, R.D.S.; Carvalho, G.ES.; Ferreira, D.C.L.; Sant’Ana, A .E.G.; Maia Filho, A.LM.;
Marques, R.B.; Alves, W.D.S.; Uchoa, V.T. Evaluation of Hydroalcoholic Extracts of Stem and Leaves of Ximenia americana L. In
the Healing of Excisional Acute Wounds in Mice. Rev. Virtual Quim. 2020, 12, 37-50. [CrossRef]

Almeida, L.; Junior, ].A.O.; Silva, M.; Nobrega, F; Andrade, J.; Santos, W.; Ribeiro, A.; Concei¢ao, M.; Veras, G.; Medeiros, A.C.
Tablet of Ximenia americana L. Developed from Mucoadhesive Polymers for Future Use in Oral Treatment of Fungal Infections.
Polymers 2019, 11, 379. [CrossRef]

Dias, T.L.M.E; Melo, G.M.A.; Da Silva, Y.K.C.; Queiroz, A.C.; Goulart, H.F,; Alexandre-Moreira, M.S.; Santana, A.E.G.; Uchoa, V.T.
Antinociceptive and Anti-Inflammatory Activities of the Ethanolic Extract, of Fractions and of Epicatechin Isolated from the Stem
Bark of Ximenia americana L. (Oleacaceae). Rev. Virtual Quim. 2018, 10, 86-101. [CrossRef]

Jin, Y;; Koh, R H.; Kim, S.H.; Kim, K.M.; Park, G.K.; Hwang, N.S. Injectable Anti-Inflammatory Hyaluronic Acid Hydrogel for
Osteoarthritic Cartilage Repair. Mater. Sci. Eng. C 2020, 115, 111096. [CrossRef]

Gao, Z.R.; Feng, Y.Z.; Zhao, Y.Q.; Zhao, ].; Zhou, Y.H.; Ye, Q.; Chen, Y.; Tan, L.; Zhang, S.H.; Feng, Y.; et al. Traditional Chinese
Medicine Promotes Bone Regeneration in Bone Tissue Engineering. Chin. Med. 2022, 17, 86. [CrossRef]

Ortiz, A.d.C.; Fideles, S.O0.M.; Reis, C.H.B.; Bellini, M.Z.; Pereira, E.d.S.B.M.; Pilon, ].P.G.; de Marchi, M.A.; Detregiachi, C.R.P;
Flato, U.A.P; Trazzi, BEd.M.; et al. Therapeutic Effects of Citrus Flavonoids Neohesperidin, Hesperidin and Its Aglycone,
Hesperetin on Bone Health. Biomolecules 2022, 12, 626. [CrossRef]

Sun, W,; Li, M; Zhang, Y,; Huang, Y.; Zhan, Q.; Ren, Y.;; Dong, H.; Chen, ].; Li, Z.; Fan, C.; et al. Total Flavonoids of Rhizoma
Drynariae Ameliorates Bone Formation and Mineralization in BMP-Smad Signaling Pathway Induced Large Tibial Defect Rats.
Biomed. Pharmacother. 2021, 138, 111480. [CrossRef]

Carlos Rodriguez-Merchan, E. The Molecular Mechanisms of Bone Healing. Int. J. Mol. Sci 2021, 22, 767. [CrossRef]

Zuo, Y,; Li, Q.; Xiong, Q.; Li, J.; Tang, C.; Zhang, Y.; Wang, D. Naringin Release from a Nano-Hydroxyapatite / Collagen Tissue
Reconstruction. Polymers 2022, 14, 3260. [CrossRef] [PubMed]

Uchoa, V.T.; Sousa, C.M.M.; Carvalho, A.A.; Sant’Ana, A.E.G.; Chaves, M.H. Free Radical Scavenging Ability of Ximenia americana
L. Stem Bark and Leaf Extracts. . Appl. Pharm. Sci. 2016, 6, 091-096. [CrossRef]

Carvalho, G.ES.; Marques, L K.; Sousa, H.G.; Silva, L.R.; Leao Ferreira, D.C.; Pires de Moura do Amaral, F,; Martins Maia Filho, A.L.;
Figueredo-Silva, J.; Alves, W.d.S.; Oliveira, M.d.D.A.d.; et al. Phytochemical Study, Molecular Docking, Genotoxicity and
Therapeutic Efficacy of the Aqueous Extract of the Stem Bark of Ximenia americana L. in the Treatment of Experimental COPD in
Rats. J. Ethnopharmacol. 2020, 247, 112259. [CrossRef] [PubMed]

Carneiro, R.d.S.; Canuto, M.R.; Ribeiro, L.K.; Ferreira, D.C.L.; Assunc¢ao, A.E.C.; Costa, C.A.C.B.; de Freitas, ].D.; Rai, M.;
Cavalcante, L.S.; Alves, W. dos S.; et al. Novel Antibacterial Efficacy of ZnO Nanocrystals/Ag Nanoparticles Loaded with Extract
of Ximenia americana L. (Stem Bark) for Wound Healing. S. Afr. J. Bot. 2022, 151, 18-32. [CrossRef]

Deniz, E.; Arslan, A.; Diker, N.; Olgac, V.; Kilic, E. Evaluation of Light-Emitting Diode Photobiomodulation on Bone Healing of
Rat Calvarial Defects. Biotechnol. Biotechnol. Equip. 2015, 29, 758-765. [CrossRef]

dos Santos, S.A.; dos Santos Vieira, M.A.; Simoes, M.C.B.; Serra, A.].; Leal-Junior, E.C.; de Carvalho, P.d.T.C. Photobiomodulation
Therapy Associated with Treadmill Training in the Oxidative Stress in a Collagen-Induced Arthritis Model. Lasers Med. Sci. 2017,
32,1071-1079. [CrossRef]

Mostafavinia, A.; Razavi, S.; Abdollahifar, M.; Amini, A.; Ghorishi, S.K.; Rezaei, F.; Pouriran, R.; Bayat, M. Evaluation of the
Effects of Photobiomodulation on Bone Healing in Healthy and Streptozotocin-Induced Diabetes in Rats. Photomed. Laser Surg.
2017, 35, 537-545. [CrossRef]

Pinheiro, A.L.B.; Soares, L.G.P,; da Silva, A.C.P,; Santos, N.R.S.; da Silva, A.P.L.T,; Neves, B.L.R.C.; Soares, A.P.; Gerbi, M.E.M.M.;
dos Santos, J.N. The Use of Photobiomodulation Therapy or LED and Mineral Trioxide Aggregate Improves the Repair of
Complete Tibial Fractures Treated with Wire Osteosynthesis in Rodents. Lasers Med. Sci. 2021, 36, 735-742. [CrossRef]

Chen, A.C.H.; Huang, Y.Y; Sharma, S.K.; Hamblin, M.R. Effects of 810-Nm Laser on Murine Bone-Marrow-Derived Dendritic
Cells. Photomed. Laser Surg. 2011, 29, 383-389. [CrossRef]

Barbosa, D.; Villaverde, A.G.].B.; LoschiavoArisawa, E.A.; de Souza, R.A. Laser Therapy in Bone Repair in Rats: Analysis of Bone
Optical Density. Acta Ortop. Bras. 2014, 22, 71-74. [CrossRef]

Sella, VR.G.; do Bomfim, ER.C.; Machado, P.C.D.; da Silva Morsoleto, M.].M.; Chohfi, M.; Plapler, H. Effect of Low-Level Laser
Therapy on Bone Repair: A Randomized Controlled Experimental Study. Lasers Med. Sci. 2015, 30, 1061-1068. [CrossRef]
Mayer, L.; Freddo, A.L.; Blaya, D.S. Effects of Low-Level Laser Therapy on Distraction Osteogenesis: A Histological Analysis.
RFO UPF 2012, 17, 326-331.

Ekizer, A; Uysal, T.; Giiray, E.; Akkus, D. Effect of LED-Mediated-Photobiomodulation Therapy on Orthodontic Tooth Movement
and Root Resorption in Rats. Lasers Med. Sci. 2015, 30, 779-785. [CrossRef]

Kloukos, D. The Effect of Light-Emitting Diode Phototherapy on Rate of Orthodontic Tooth Movement: A Split Mouth, Controlled
Clinical Trial. J. Orthod. 2015, 42, 271. [CrossRef]

15



J. Funct. Biomater. 2023, 14, 438

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lv, L.; Cheng, W.; Wang, S.; Lin, S.; Dang, |.; Ran, Z.; Zhu, H.; Xu, W.; Huang, Z.; Xu, P; et al. Poly(3-Amino Ester) Dual-Drug-
Loaded Hydrogels with Antibacterial and Osteogenic Properties for Bone Repair. ACS Biomater. Sci. Eng. 2023, 9, 1976-1990.
[CrossRef]

Nichol, ].W.; Koshy, S.; Bae, H.; Hwang, C.M.; Khademhosseini, A. 2010 Biomaterials Ali. Cell-Laden Microengineered Gelatin
Methacrylate Hydrogels. Biomaterials 2011, 31, 5536-5544. [CrossRef]

Lee, ]J.Y,; Son, S.J.; Son, ].S.; Kang, S.S.; Choi, S.H. Bone-Healing Capacity of PCL/PLGA /Duck Beak Scaffold in Critical Bone
Defects in a Rabbit Model. BioMed Res. Int. 2016, 2016, 2136215. [CrossRef]

Schlickewei, C.; Klatte, T.O.; Wildermuth, Y.; Laaff, G.; Rueger, ].M.; Ruesing, J.; Chernousova, S.; Lehmann, W.; Epple, M. A
Bioactive Nano-Calcium Phosphate Paste for In-Situ Transfection of BMP-7 and VEGF-A in a Rabbit Critical-Size Bone Defect:
Results of an In Vivo Study. . Mater. Sci. 2019, 30, 15. [CrossRef]

Kido, H.W.; Brassolatti, P.; Tim, C.R.; Gabbai-Armelin, P.R.; Magri, A.M.P,; Fernandes, K.R.; Bossini, P.S.; Parizotto, N.A.;
Crovace, M.C.; Malavazi, I; et al. Porous Poly (D,L-Lactide-Co-Glycolide) Acid/ Biosilicate® Composite Scaffolds for Bone Tissue
Engineering. |. Biomed. Mater. Res.-Part B Appl. Biomater. 2017, 105, 63-71. [CrossRef]

Alves, AM.M.; de Miranda Fortaleza, L.M.; Filho, A.L.M.M.; Ferreira, D.C.L.; da Costa, C.L.S.; Viana, V.G.F,; Santos, ].Z.L.V.;
de Oliveira, R.A.; de Meira Gusmao, G.O.; Soares, L.E.S. Evaluation of Bone Repair after Application of a Norbixin Membrane
Scaffold with and without Laser Photobiomodulation (A 780 Nm). Lasers Med. Sci. 2018, 33, 1493-1504. [CrossRef]

Nascimento, L.D.E.S.; Nicolau, R.A.; Filho, A.L.M.M.; Santos, ].Z.L.V.; Fonseca, K.M.; Ferreira, D.C.L.; de Sousa, R.C.; Viana, V.G.E,;
Carvalho, L.EM.; Figueredo-Silva, J. Effect of Norbixin-Based Poly(Hydroxybutyrate) Membranes on the Tendon Repair Process
after Tenotomy in Rats. Acta Cir. Bras. 2019, 34, €201901101. [CrossRef]

Cardoso, A.B. Estudo Histomorfométrico Comparativo Da Reparagdo Ossea Em Ratos Apds o Uso de Biomateriais de Origem Bovina e
Sintética; Universidade Federal do Pernambuco: Recife, Brazil, 2008.

Kido, HW.,; Bossini, P.S.; Tim, C.R.; Parizotto, N.A.; da Cunha, A.F,; Malavazi, I.; Renno, A.C.M. Evaluation of the Bone Healing
Process in an Experimental Tibial Bone Defect Model in Ovariectomized Rats. Aging Clin. Exp. Res. 2014, 26, 473-481. [CrossRef]
Radev, L.; Fernandes, M.H.V.; Salvado, I.M.; Kovacheva, D. Organic/Inorganic Bioactive Materials Part III: In Vitro Bioactivity of
Gelatin/Silicocarnotite Hybrids. Cent. Eur. ]. Chem. 2009, 7, 721-730. [CrossRef]

Aldana, A.A.; Malatto, L.; Ur Rehman, M.A.; Boccaccini, A.R.; Abraham, G.A. Fabrication of Gelatin Methacrylate (GelMA)
Scaffolds with Nano-and Micro-Topographical and Morphological Features. Nanomaterials 2019, 9, 120. [CrossRef] [PubMed]
El-Maghawry, E.; Tadros, M.L; Elkheshen, S.A.; Abd-Elbary, A. Eudragit®—5100 Coated Plga Nanoparticles for Colon Targeting of
Etoricoxib: Optimization and Pharmacokinetic Assessments in Healthy Human Volunteers. Int. |. Nanomed. 2020, 15, 3965-3980.
[CrossRef] [PubMed]

De Salvi, D.T.B.; da Barud, H.S.; Treu-Filho, O.; Pawlicka, A.; Mattos, R.I.; Raphael, E.; Ribeiro, S.J.L. Preparation, Thermal
Characterization, and DFT Study of the Bacterial Cellulose: Triethanolamine System. J. Therm. Anal. Calorim. 2014, 118, 205-215.
[CrossRef]

Aragao, Ticiana Parente. ATIVIDADE GASTROPROTETORA DA CASCA DO CAULE DE Ximenia americana L. (Ameixa de
Espinho) (OLACACEAE) EM RATOS, 2019. Available online: https:/ /repositorio.ufpe.br/handle/123456789 /33692 (accessed on
5 July 2023).

Aciole, J.; Barbosa, P. Avaliacao Da Fotobiomodulagao Laser/LED Em Defeito Osseo No Fémur de Ratas Osteopordticas: Estudo
Histologico, Histomorfométrico e Por Espectroscopia Raman Em Modelo Animal, 2016. Available online: https:/ /repositorio.
ufba.br/handle/ri/20782 (accessed on 5 July 2023).

Akkus, O.; Adar, F,; Schaffler, M.B. Age-Related Changes in Physicochemical Properties of Mineral Crystals Are Related to
Impaired Mechanical Function of Cortical Bone. Bone 2004, 34, 443—453. [CrossRef] [PubMed]

Awonusi, A.; Morris, M.D.; Tecklenburg, M.M.]. Carbonate Assignment and Calibration in the Raman Spectrum of Apatite. Calcif.
Tissue Int. 2007, 81, 46-52. [CrossRef] [PubMed]

Morris, M.D.; Mandair, G.S. Raman Assessment of Bone Quality. Clin. Orthop. Relat. Res. 2011, 469, 2160-2169. [CrossRef]
[PubMed]

Wan Osman, W.N.E.,; Che Ahmad Tantowi, N.A.; Lau, S.F; Mohamed, S. Epicatechin and Scopoletin Rich Morinda Citrifolia (Noni)
Leaf Extract Supplementation, Mitigated Osteoarthritis via Anti-Inflammatory, Anti-Oxidative, and Anti-Protease Pathways.
J. Food Biochem. 2019, 43, €12755. [CrossRef]

Comunian, C.R.; Custddio, A.L.N.; de Oliveira, L.].; Dutra, C.E.A.; D’almeida Ferreira Neto, M.; Rezende, C.M.E. Photobiomodu-
lation with LED and Laser in Repair of Mandibular Socket Rabbit: Clinical Evaluation, Histological, and Histomorphometric.
Oral Maxillofac. Surg. 2017, 21, 201-206. [CrossRef] [PubMed]

de Freitas, L.F.; Hamblin, M.R. Proposed Mechanisms of Photobiomodulation or Low-Level Light Therapy. IEEE |. Sel. Top.
Quantum Electron. 2016, 22, 348-364. [CrossRef] [PubMed]

Patrocinio-Silva, T.L.; de Souza, A.M.F,; Goulart, R.L.; Pegorari, C.F,; Oliveira, ].R.; Fernandes, K.R.; Magri, A.M.P,; Pereira, RM.R.;
Ribeiro, D.A.; Nagaoka, M.R.; et al. Low-Level Laser Therapy Associated to a Resistance Training Protocol on Bone Tissue in
Diabetic Rats. Arch. Endocrinol. Metab. 2016, 60, 457-464. [CrossRef] [PubMed]

Chaves, T.P,; Santana, C.P.; Véras, G.; Brandao, D.O.; Felismino, D.C.; Claudia, A.; Medeiros, D.; De, D.M.; Trovao, B.M.
Seasonal Variation in the Production of Secondary Metabolites and Antimicrobial Activity of Two Plant Species Used in Brazilian
Traditional Medicine. Afr. J. Biotechnol. 2013, 12, 847-853. [CrossRef]

16



J. Funct. Biomater. 2023, 14, 438

68. Nogueira Albino Calland, F.; de Castro Brito, G.; Fernandes de Sousa, G.; de Carvalho Oliveira, F; Roberta Marciano, F.;
Oliveira Lobo, A. Evaluation of Wound Healing Activity of GeIMA /PCLMA Fibrous Composites in Diabetic Model Rats. Mater.
Lett. 2023, 336, 133893. [CrossRef]

69. Yue, K,; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, Properties, and
Biomedical Applications of Gelatin Methacryloyl (GeIMA) Hydrogels. Biomaterials 2015, 73, 254-271. [CrossRef]

70. Jiang, G.; Li, S; Yu, K.; He, B.; Hong, J.; Xu, T.; Meng, ].; Ye, C.; Chen, Y.; Shi, Z,; et al. A 3D-Printed PRP-GeIMA Hydrogel
Promotes Osteochondral Regeneration through M2 Macrophage Polarization in a Rabbit Model. Acta Biomater. 2021, 128, 150-162.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

17



‘ Journal of

=20 unctional ﬁ“\bpl
]' Biomaterials \)

Article

Exploring CVD Method for Synthesizing Carbon-Carbon
Composites as Materials to Contact with Nerve Tissue

Aneta Fraczek-Szczypta '*, Natalia Kondracka 2, Marcel Zambrzycki !, Maciej Gubernat 1, Pawel Czaja 3,
Miroslawa Pawlyta 4, Piotr Jelen !, Ryszard Wielowski ! and Danuta Jantas 5

Faculty of Materials Science and Ceramics, AGH University of Science and Technology in Krakow,
Mickiewicza 30 Av., 30-059 Krakow, Poland; zambrzycki@agh.edu.pl (M.Z.);
maciej.gubernat@agh.edu.pl (M.G.); pjelen@agh.edu.pl (P].); rwielows@agh.edu.pl (R.W.)

Faculty of Electrical Engineering, Automatics, Computer Science and Biomedical Engineering,

AGH University of Science and Technology in Krakow, Mickiewicza 30 Av., 30-059 Krakow, Poland;
n.kondracka98@gmail.com

Institute of Metallurgy and Materials Science, Polish Academy of Science, Reymonta 25 St.,

30-059 Krakow, Poland; czaja.p@imim.pl

Materials Research Laboratory, Faculty of Mechanical Engineering, Silesian University of Technology,
Akademicka 2A Str., 44-100 Gliwice, Poland; mpawlyta@polsl.pl

Department of Experimental Neuroendocrinology, Maj Institute of Pharmacology, Polish Academy of
Sciences, Smetna 12 Str., 31-343 Krakow, Poland; jantas@if-pan.krakow.pl

*  Correspondence: afraczek@agh.edu.pl; Tel.: +48-126174738

Abstract: The main purpose of these studies was to obtain carbon—carbon composites with a core
built of carbon fibers and a matrix in the form of pyrolytic carbon (PyC), obtained by using the
chemical vapor deposition (CVD) method with direct electrical heating of a bundle of carbon fibers as
a potential electrode material for nerve tissue stimulation. The methods used for the synthesis of PyC
proposed in this paper allow us, with the appropriate selection of parameters, to obtain reproducible
composites in the form of rods with diameters of about 300 um in 120 s (CF_PyC_120). To evaluate
the materials, various methods such as scanning electron microscopy (SEM), scanning transmission
electron microscope (STEM), high-resolution transmission electron microscopy (HRTEM), selected
area electron diffraction (SAED), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and
tensiometer techniques were used to study their microstructural, structural, chemical composition,
surface morphology, and surface wettability. Assessing their applicability for contact with nervous
tissue cells, the evaluation of cytotoxicity and biocompatibility using the SH-SY5Y human neurob-
lastoma cell line was performed. Viability and cytotoxicity tests (WST-1 and LDH release) along
with cell morphology examination demonstrated that the CF_PyC_120 composites showed high
biocompatibility compared to the reference sample (Pt wire), and the best adhesion of cells to the
surface among all tested materials.

Keywords: carbon fibers; pyrolytic carbon; C/C composites; materials for nerve stimulation;
CVD method

1. Introduction

The nervous system acts as a complex management center for the human body, relying
on multiple factors like genetics, external influences, and aging for proper functioning.
Neurodegenerative diseases, including Alzheimer’s, ALS, Huntington’s, and Parkinson’s,
are examples of nervous system malfunctions [1-3]. These conditions lead to a gradual loss
of nerve cells in different brain regions, causing nervous system dysfunction [3].

Treating neurodegenerative diseases involves pharmacological methods as well as
deep brain stimulation (DBS) [4-6]. DBS utilizes implanted electrodes in specific brain
areas, customized to the disease type, along with a neurostimulator. This system works
to inhibit abnormal neuron activity [5,7]. DBS has been employed for many years to treat
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severe movement disorders like Parkinson’s, tremors, dystonias, and chorea, as well as
central pain syndromes, epilepsy, and certain mental disorders [5,7]. The most commonly
used materials for DBS electrodes are various metals and metal alloys, like platinum or
platinum—iridium (Pt-Ir) [8]. These materials are preferred for their ability to stimulate
neurons effectively and their biocompatibility.

Current neuromodulation techniques for DBS have several major drawbacks. These
include the large size of the implanted devices, with electrode diameters exceeding 1 mm.
There is also a lack of feedback monitoring of brain electrical activity, high demand for
electrical current, and the risk of brain hemorrhage due to the numerous microelectrodes
passing through the brain [9,10]. Another significant issue with DBS electrodes is the
formation of glial scar tissue around them. This leads to an increase in electrical resistance
between the electrodes and nerve tissue, requiring a higher voltage and current for nerve
stimulation [11-14]. As a result, the battery drains faster, shortening the electrodes’ lifespan.
Additionally, glial scar tissue can cause brain trauma due to long-term inflammation [15].
Furthermore, the stiffness of the electrodes, typically greater than the surrounding tissue,
can result in tissue detachment [16].

Challenges in electrode use and design include the size of the electrodes, their diameter-
to-length ratio, and achieving miniaturization [9,17]. Optimal electrode size influences the
quality and effectiveness of brain stimulation, while the diameter-to-length ratio impacts the
area affected by the stimulation. Carbon materials, due to the variety of forms, allotropes,
and the resulting very different properties, are often considered potential materials for
electrodes or substrates for stimulation and regeneration of nervous tissue. Among these
materials, we can mention carbon nanomaterials such as nanotubes (CNT), graphene
and its derivatives, carbon nanofibers (CNF), and finally, carbon fibers (CF) and their
composites [18-26]. Especially, carbon fibers (CF) with diameters of single micrometers are
potential materials for electrodes and microelectrodes for brain stimulation.

Carbon fibers with diameters ranging from 4 to 10 um allow precise control when
combined into cylindrical electrodes [27]. Their various thicknesses, stiffnesses, and surface
profiles make customization for specific tissues possible [28]. The superior properties of
polyacrylonitrile-based carbon fibers (PAN-based carbon fibers), including tensile strength,
thermal and chemical resistance, and electrical conductivity, surpass other options. The
carbon surface can be easily modified for desired outcomes, impacting biocompatibility
and reducing scar tissue formation [29]. Carbon fiber electrodes, smaller than conventional
metal wire electrodes, show better capabilities for chronic neural recording and cause less
tissue damage [30]. They also offer promise for magnetic resonance (MR) compatibility,
ensuring safety during MR acquisitions [31,32]. Adverse implant interactions, such as
heating, forces, induction, and MR artifacts, are important considerations [26]. Precise
electrode positioning is vital for therapy effectiveness, using imaging methods like magnetic
resonance imaging (MRI) during surgery [10]. Post-procedure, the electrode location is
closely monitored [8]. Hence, MR compatibility is crucial to avoid artifacts and heating
during imaging.

Carbon fiber shows promise as an electrode material with a wide range of research and
application possibilities [25,26]. It can be used for neurotransmitter detection, monitoring,
and recording signals from the nervous system [26,30,33,34]. Microelectrodes based on
carbon fibers outperform conventional electrodes, ensuring stable neural recording without
signal deterioration over time [30]. Graphitized fibers (GF) have also been tested for
neuronal stimulation, exhibiting low impedance, a wide electrochemical window, and
stability for 24 days [35]. In rats with Parkinson’s disease, GF showed the ability to
stimulate cells and alleviate symptoms.

While carbon fibers offer numerous advantages for nervous tissue applications, they
are highly mechanically fragile [36]. Their limited insertion depth in cortex regions, less
than 2 mm, is due to the individual fibers” insufficient stiffness to penetrate deeper brain
regions despite their high mechanical properties [30,36]. Improving the durability and stiff-
ness of individual fibers is crucial. One method reported in the literature is the application
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of DLC-based carbon coatings or diamond, obtained through the CVD method [25,29,36].
Pyrolytic carbon (PyC), another option similar to DLC, can also enhance carbon fibers’
stiffness and usability. Low-temperature pyrolytic carbon is a well-known and highly
biocompatible material used in medicine [37].

Pyrolytic carbon is usually obtained in the form of layers of varying thicknesses
on various substrates [38]. Depending on their designation, they can perform various
functions, e.g., they may improve the biocompatibility of modified materials in contact
with blood or improve the wear resistance of friction elements in joint endoprostheses [39-
41]. Among the materials available for mechanical heart valve prostheses, pyrolytic carbon
has the best combination of blood compatibility, physical and mechanical properties, and
durability [37,39]. Pyrolytic carbons can be obtained by, among other methods, CVD, where
hydrocarbons, e.g., methane or propane are used as carbon-containing compounds [38,42].
What is interesting is that pyrolytic carbon can have a variety of structures, such as smooth
and dark laminar or isotropic [43]. The structure of the pyrolytic carbon is controlled
by the gas flow rate, hydrocarbon species, temperature, and bed surface area. Pyrolytic
carbon can also be obtained as a matrix in carbon-carbon (C/C) composites using the
chemical vapor infiltration (CVI) method belonging to the family of CVD methods [44,45].
In contrast to CVD, in CVI the deposition takes place within porous preforms usually made
of fibers. Thus, the gaseous precursor penetrates through the preform pores and undergoes
a chemical reaction thereby depositing in the pores [46]. In this way, the matrix material
grows into a fibrous porous structure (preform) in a continuous layer-by-layer way, thus
forming the composite matrix [37].

One significant drawback of obtaining pyrolytic carbon through CVD methods is
the long synthesis time, which can extend to several thousand hours, depending on the
sample’s size. To address this, the researchers in this work used the CVD method with
direct heating of the sample to prepare C/C composites. This method is very poorly
covered in the literature and so far only one article has described this technique [47]. They
created a dedicated system for synthesizing rod-shaped composites, using a fiber bundle
as the core and pyrolytic carbon as the matrix. This method allows for the rapid synthesis
of pyrolytic carbon (several minutes) to obtain a composite with a controlled diameter
and length.

While pyrolytic carbon is known in cardiac surgery and orthopedics, it represents a
novelty in the field of neurosurgery. Also, to the best of our knowledge, the concept of C/C
composites in the area of stimulation of nerve tissue cells has never been previously studied
and is yet to appear in the literature. In addition, the CVD method with direct electrical
heating of a bundle of carbon fibers proposed in this work is also a very interesting and
innovative tool for the synthesis of C/C composites.

The main goal of this pioneering study on carbon electrodes in the form of rods for
stimulating nerve tissue cells was to optimize the electrode production process, assess the
microstructural and structural properties of the materials obtained, and evaluate their initial
biocompatibility in vitro with SH-SY5Y human neuroblastoma cells. The optimization
focused on the quantity of fibers in the composite, affecting the electrode diameter, and the
synthesis time for pyrolytic carbon (PyC). Scanning microscopy examinations characterized
the microstructure, fiber bundle filling with pyrocarbon, and porosity. The functional
properties of the composites were influenced by the structure of pyrolytic carbon, and
evaluated using high-resolution transmission microscopy (HRTEM), selected area electron
diffraction (SAED), and Raman spectroscopy. Surface chemistry and wettability were
measured using the XPS technique and a tensiometer, respectively. To utilize these C/C
composite-based electrodes in the future, cytotoxicity and cell viability assessments were
essential. The SH-SY5Y cell line was chosen for this purpose, as it is commonly used in
neurodegenerative disorder models and neurological research experiments [48-51]. This
study marks the first step towards further research on carbon electrodes based on carbon
fibers and PyC for stimulating nerve tissue cells.
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2. Materials and Methods
2.1. Materials
2.1.1. Carbon Fibers

In order to obtain carbon-carbon (C/C) composites, high-modulus carbon fibers (CF)
obtained from a polyacrylonitrile (PAN) precursor by Celanese Co., USA were used. The
basic parameters of the CF from the datasheet are: the number of filaments in a bundle
of 250, tensile strength of 1.8 GPa, and Young’s modulus of 500 GPa. The carbon fibers
used for the study have a dog-bone-like shape (Figure 1). The longer diameter of the
fiber is about 12.42 £ 0.79 um, and the shorter diameter is about 4.38 & 0.41 um (Figure 1,
arrows). The main factor determining the selection of this type of fiber was the initial small
number of carbon fibers in the bundle and the low specific resistance of these materials.
Additionally, it was advisable to use CF based on the polyacrylonitrile precursor, and not
based on pitch, although the latter have higher electrical conductivity. The low number
of fibers in the bundles facilitates their formation and separation in order to obtain C/C
composites with a small diameter.

mag: 10,000x

Figure 1. SEM image of dog-bone-shaped CFs cross-sectional.

2.1.2. CVD Method with Direct Electrical Heating of Carbon Fibers

Carbon—carbon (C/C) composites were obtained as a result of pyrolysis of a gaseous
precursor (methane) in order to obtain pyrolytic carbon (PyC). The synthesis method is an
upgraded version of the chemical vapor deposition (CVD) method using direct electric
heating of a bundle of carbon fibers. This method allows for very quick heating (single
seconds) of a bundle of fibers to a predetermined temperature thanks to the use of a DC
generator in the reactor into which the carbonaceous gas is introduced directly. Direct
heating of fibers causes the gas pyrolysis process to take place in the hottest zone, in this
case directly on the surface of the fibers or a short distance from their surface, which makes
the pyrolytic yield much higher than in the case of the classic CVD method or the CVI
method. The latter is very effective in the process of obtaining C/C composites, but it
requires many densification cycles, which makes it long-lasting and expensive. In addition,
the method proposed in this work allows one to obtain a large amount of pyrocarbon
in a short time, i.e., up to 0.5-3 minutes, depending on the amount of carbonaceous gas
introduced. The device was manufactured specifically for the project and the production of
C/C composites in the form of thin rods and is called CFCPP-1100, carbon fiber pyrolytic
carbon coating by Fine Instruments, Poland. The circuit diagram is shown in the image
below (Figure 2). The system consists of a quartz glass reactor, a system for assembling
fiber samples (two pairs of graphite elements between which a bundle of carbon fibers was
introduced and through which the current was passed), a vacuum pump, a DC generator,
a system for gas supply and extraction, a flow counter, gas cylinders and a pyrometer to
control the temperature of the fiber bundle.
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Figure 2. Scheme of the system for the synthesis of pyrolytic carbon using the CVD method with
direct electrical heating of the sample.

For the purpose of synthesis, a bundle of carbon fibers with the appropriate number
of fibers in the bundle was placed between graphite elements and heated to the set tem-
perature in the range of 1100-1200 °C. The image below shows a bundle of fibers before
and during heating (Figure 3A,B). Prior to the CVD synthesis process, a vacuum is created
to better remove air from the reactor as well as from the spaces between the individual
fibers in the bundle. Then, an inert gas (N») is introduced into the reactor and the vacuum
is removed. The reactor is flushed with N, for 60 seconds. After this time, a carbonaceous
gas (CHy) is introduced into the reactor while the flow of N, is maintained. The amount
of CHy introduced into the reactor is 2 L/h, while the amount of N is 10 L/h. The gas
injection time varies, i.e., from 30 s to 180 s. In the next stage, the sample is kept at the
synthesis temperature for 30 s in an inert atmosphere, without the flow of carbonaceous
gas. Finally, the system is cooled to room temperature (RT) by reducing the voltage on the
DC power supply to zero. The total time needed to carry out the entire synthesis from the
introduction of the sample into the reactor to its removal after synthesis is a maximum of
6-7 min.

Figure 3. Bundle of fibers before (A) and during (B) synthesis.

Using this method, the following 4 types of C/C composites were produced:

e CF_PyC30—rod-shaped C/C composite based on carbon fiber and PyC obtained after
30 s of synthesis.

e CF_PyC60—rod-shaped C/C composite based on carbon fiber and PyC obtained after
60 s of synthesis.

e CF_PyC120—rod-shaped C/C composite based on carbon fiber and PyC obtained
after 120 s of synthesis.

e CF_PyC180—rod-shaped C/C composite based on carbon fiber and PyC obtained
after 180 s of synthesis.
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e  CF—bundle of carbon fibers.

Each bundle of fibers synthesized by CVD had between 200 to 220 individual fibers
per bundle. The number of fibers was dictated by the need to obtain a rod-shaped C/C
composite with a diameter of less than 1 mm and good handiness.

2.2. Methods
2.2.1. SEM and Digital Microscope

The evaluation of the microstructure and morphology of carbon fibers and C/C com-
posites was performed using Nova NanoSEM 200 (FEI Europe Company, Eindhoven, The
Netherlands) scanning electron microscope and Thermo Fisher Scientific (Waltham, MA,
USA) SCIOS 11 Dual Beam scanning electron microscopes (SEM). The acceleration voltage
was 10 kV. The SEM images were also used to evaluate the diameter of carbon fibers and
C/C composites and also to evaluate diameters of ball-like protuberances characteristic
for pyrocarbon after using ImageJ v1.53e software, developed at the National Institutes of
Health and the Laboratory for Optical and Computational Instrumentation (LOCI, Uni-
versity of Wisconsin), USA, public domain. In total, 70 protuberance measurements were
made on the surface of PyC. Moreover, the porosity of all C/C composites was established
based on SEM microphotographs using Image] software. For porosity thresholding of SEM
images was performed. Thresholding is a type of image segmentation where the pixels of
an image are changed to make the image easier to analyze. In thresholding, the images
are converted from color or grayscale into a binary image, i.e., one that is simply black
and white. A digital microscope (VHX-900F, Keyence Co., Mechelen, Belgium) was also
used to analyze the surface morphology of the samples. Equipped with two lenses, a stan-
dard lens, and a Z500T lens, it allows images at 20x—200x and 500 x-5000x magnification.
The working distance is 4.4 mm.

2.2.2. TEM and HRTEM

Detailed characterization of microstructure and structure was performed with a
Thermo Fisher Scientific (Waltham, MA, USA) Titan Themis Cs corrected 200 kV XFEG
transmission electron microscope (TEM). Thin foils for TEM inspection were cut out with
a focused ion beam (FIB) technique employing Thermo Fisher Scientific SCIOS II Dual
Beam scanning electron microscopes. Thin lamellas for TEM inspection were cut out from
cross-sections of carbon rods, from the boundary separating the matrix and the inner rod.
The voltage applied was 30 kV, while the current was initially set to 30 nA during regular
cross-section milling, and subsequently it was reduced down to 3 nA. Once the lamellae
were cut out it was transferred onto a copper grid with a lift-out omniprobe system. The
lamella was welded to the grid with Pt and further thinned with the beam current gradually
decreasing from 3 nA to 50 pA. Then it was transferred onto a TEM holder and examined.

2.2.3. Selected Area Electron Diffraction (SAED)

The obtained SAED images were used to quantify the degree of preferred orientation,
the so-called orientation angle, OA. The procedure included the following steps:

- Determining the position of the center of the diffraction pattern and the radius of the
diffraction ring with indices (002);

- Determining (using a self-developed script in Python) the profile of intensity changes
along the perimeter of a circle with a predetermined center and radius (values read in
0.2 degree steps);

- Fitting two Gaussian curves to the obtained profile, the maximum values of which
occur at points of the circle (located on opposite sides) with the highest intensity, and
determining the half-width FWHM of these curves [52,53];

- Determination of their average value, equal to orientation angle OA.
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2.2.4. Raman Spectroscopy

Raman spectroscopy measurements were performed using a WITec Alpha 300 M
+ apparatus with a 600 g/mm grating, a 488 nm diode laser, and a 50x lens. A total
of 10 accumulations with 20 s integration times were recorded for each point in the line
measurement. Fityk 0.8.0 software was used for the spectra analysis. Spectral deconvolution
was performed using the Voigt function [54]. It allowed us to distinguish characteristic
bands corresponding to vibrations of carbon structures in samples. The I /Ig ratio was
determined from the total intensities of the D and G bands as a coefficient describing the
degree of crystallinity of the carbons. Additionally, the size of the L, crystallite was also
determined using the Cancado equation [55]:

In\ !

L. = (2.4 x 10*10) % A% x <D> )
Ig

where L, is a crystallite size (nm), A is the radiation wavelength (nm) and Ip/Ig are the

intensity of Raman D and G bands.

2.2.5. XPS

The surface chemistry of the samples was determined using the X-ray photoelectron
spectroscopy (XPS) spectroscope PHI VersaProbe II Scanning XPS system working with a
monochromatic Al source—line K« (1486.6 eV). Energy pass was set to 117.50 eV for the
survey scan and 46.95 eV for core-level spectra. The charge compensation was ensured with
a dual beam of 7 eV Ar* ions and 1 eV electrons. The operating pressure in the analytical
chamber was < 3 x 10~ mbar, and the area of focus of X-rays was 100 um. Estimated
depth of analytical information was about 5 nm. The shift of energy due to the charging
effects was calibrated assuming binding energy of Cls line = 285 eV. Fitting of core-level
spectra and background subtraction using the Shirley method were performed using PHI
MultiPak software (v.9.9.2).

2.2.6. Contact Angle Measurement

The contact angle 20 um, measuring range: 0-180° and resolution 0.01°. The proposed
method of assessing wettability is a dynamic method in which the so-called advancing
angle (0 54y) between a liquid (water) and a solid is determined [56]. The system also allows
the measurement of the contact angle of the fiber bundle, which has already been described
in the publications of other authors [57,58]. During the measurements, the sample (in
the form of fiber/rod) is stationary, and the vessel holder moves up (advancing cycle)
and down (receding cycle). Each sample was repeatedly dipped in and withdrawn from
the liquid vessel three times to measure a series of dynamic advancing contact angles.
The dynamic contact angles at constant advancing velocities can be calculated from the
Wilhelmy equation [59]:

F=1LXvy X cos0aqgy 2)

where F is the force detected by the microbalance, L is the wetted length of the sample,
O ady is the dynamic contact angle.

2.2.7. In Vitro Study
Cell Culture and Experimental Groups

Human neuroblastoma SH-SY5Y cells (ATCC CRL-2266, Manassas, VA, USA) were cul-
tured in high glucose DMEM (Life Technologies Ltd., Paisley, UK) supplemented with a 10%
fetal bovine serum (FBS, Life Technologies Ltd., Paisley, UK) and
1% penicillin + streptomycin solution (Life Technologies Ltd., Paisley, UK). Cells were
propagated in sterile cell culture flasks (75 cm?) and kept at 37 °C in a saturated humidity
atmosphere containing 5% CO,. After reaching 80% confluency the cells were trypsinized
(0.05% trypsin/EDTA, Life Technologies Ltd.)), counted (Biirker chamber) and seeded at
a density of 8 x 10* into 48-well plates containing the investigated materials (CF_FF, Pt
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wire, CF, and CF_PyC120) which were immobilized in the wells by quartz rings. Pt wire
was used as a reference due to being the material from which conventional DBS electrodes
are currently made whereas CF_FF, made of a core in the form of CF and a matrix in the
form of phenol formaldehyde resin, was used as a positive control sample in the form
of a rod of a size comparable to the investigated samples. Before cell seeding, the plates
with materials and rings were sterilized with UV for 30 min. The control experimental
group involved seeding wells containing only quartz rings. There were 3 replicates for
each experimental group.

Cytotoxicity Assay

Twenty-four and forty-eight hours after cell seeding, 50 uL from each cell culture well
was collected in a 96-well plate format to assess the potential cytotoxic effect of the studied
materials in comparison to the control group. This parameter was measured by the Cytotox-
icity Detection Kit (RocheDiagnostic, Mancheim, Germany) described previously [60]. The
absorbance of each sample was measured after 15 min from reagent addition (25 uL/well)
with a multi-well plate reader (Infinite® M200 PRO, Tecan, Mannedorf, Switzerland) at
490 nm. After the subtraction of blank value (absorbance of cell culture medium) the
data were normalized to the control group and are presented as the mean + S.E.M. from
three replicates.

Live Cell Imaging

Twenty-four and forty-eight hours after cell seeding the plates were imaged using
the differential interference contrast (DIC) light microscopy method. For this purpose,
an inverted microscope AxioObserver (Carl Zeiss, Jena, Germany) was used, which was
equipped with a white-black camera (Axio-CamMRm, Carl Zeiss, Jena, Germany). One
microphotograph was taken for each well.

Cell Viability Assay

Forty-eight hours after cell seeding, the WST-1 reagent was added to all experimental
groups (in 2 replicates) as described previously [61]. After 60 min of incubation with
the substrate, 100 pL of probe from each experimental group (in 2 replicates) was trans-
ferred to a 96-well plate. The absorbance of samples was measured with a multi-well
plate reader (Infinite® M200 PRO, Tecan) at 440 nm (measurement wavelength) and
630 nm (reference wavelength). Data (calculated difference between measurement and
reference measurement) after subtraction for blank value (total damage, 1% Triton X-100 for
15 min) were normalized to the control group and are expressed as a percentage of the
control £ S.E.M.

Scanning Electron Microscopy

At 48 h after cell seeding, the SH-SY5Y cells were fixed in 4% paraformaldehyde
and then the samples were washed with PBS, treated with a 25% glutaraldehyde and 8%
formaldehyde solution in a cacodylate buffer overnight, and then washed in cacodylate
buffer. Next, the samples were dehydrated in increasing concentrations of ethanol (from
5% to 100%). All the dehydration steps were carried out at RT. The samples were finally
dried using a CO, critical point dryer, attached to the holders, and coated with a thin
layer of carbon. Neuronal cells were analyzed using scanning electron microscopy (SEM)
(NovaNanoSEM 200, FEI).

Statistical Analysis

Data were analyzed using Statistica software [62]. The analysis of variance (one- or
two-way ANOVA) and post hoc Duncan test for multiple comparisons were used to show
statistical significance with assumed p < 0.05.
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3. Results and Discussion
3.1. Morphology and Microstructure of Rod-Shaped C/C Composite

The morphology and microstructure of the obtained C/C composites were shown both
in digital and SEM images (Figures 4 and 5). The surface morphology of the C/C composites
is rough, containing numerous ball-like protuberances characteristic of pyrocarbon [63].
The size of the spherical structures increases with the length of the synthesis time. The
smallest of them are present in the case of PyC synthesis for 30 s (Figure 4B,E), and the
largest at 180 s (Figure 4H,]). Also, with the increase in synthesis time, an increase in the PyC
thickness on the surface is observed, which translates into an increase in the diameter of
the C/C composites (Figure 4K). In addition, in the case of composites obtained in the time
from 30 to 120 s, the morphology is preserved to some extent reflecting the fibrous form of
the substrate itself. An increase in the synthesis time to 180 s causes the disappearance of
this tendency, which is most likely related to a large increase in the thickness of the PyC.
All composites were characterized by significant stiffness when compared to the bundle of
carbon fibers (Figure 4A,D). This was observed especially at synthesis times of 60 s and
more (Figure 4C,F-J).

Diameter of C/C composites [pim]

cF CF_PyC30 CF_PyC60 CF_PyC120 CF_PyC180

Figure 4. Morphology of a bundle of carbon fibers (A,D) and C/C composites after different durations
of PyC synthesis (B,E) 30 s, (CF) 60 s, (G,I) 120 s and (H,J) 180 s, diameter of C/C composites (K).
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Figure 5. SEM analysis of cross-sections of the obtained C/C composites depending on the
time of PyC synthesis, (A-C) bundle of CF, (D-F) CF_PyC30, (G-I) CF_PyC60, (J-L) CF_PyC120,
(M-0O) CF_PyC 180.

The main factor that determined the choice of pyrocarbon synthesis conditions was
to obtain C/C composites in which PyC would fill the spaces between individual fibers
in the bundle, allowing on the one hand an increase in stiffness, while at the same time
minimizing any increase in diameter of the material obtained in the form of rods. An
important study allowing the observation of the degree of composite densification was
the preparation of fractures and their examination using SEM (Figure 5). The analysis of
the cross-sections of the obtained composites shows a significant difference between the
samples, strongly correlated with the PyC synthesis time. Synthesis of PyC using the CVD
method as a result of direct heating of a bundle of carbon fibers allowed us to observe
that in the range of synthesis time from 30 s to 60 s a significant degree of porosity can be
observed in the volume of a bundle of carbon fibers (Figure 5D-I).

The pore size for these samples varies and is strongly dependent on the synthesis
time. The highest porosity was observed for the shortest synthesis time, i.e., for 30 s,
where the total porosity was about 20%. In turn, the lowest porosity was characteristic
of the sample obtained at 120 s and was below 1% (Figure 6A). The decrease in porosity
is closely related to the filling of the space between the individual fibers, which is also
confirmed by the increase in the thickness of the PyC layers between the individual fibers
in the volume of the bundle (Figure 6A). A short synthesis time means that the amount
of synthesized PyC around the fibers is the smallest. It increases proportionally to the
synthesis time and after 120 s, the spaces between the fibers are filled (Figure 5]-L), and
the amount of pyrocarbon on the surface of the composites begins to increase (Figure 6B).
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An unquestionably unfavorable effect is observed after 180 s when the amount of PyC
deposit significantly increases (Figures 5M and 6B). Such an effect is undesirable due to
a significant increase in the diameter of the composite, and the appearance of cracks in
the layer (Figure 7 arrows), which may adversely affect the mechanical properties of the
composite. In addition, such a large layer of pyrocarbon no longer fulfills the assumed
requirements, i.e., creating a matrix in which carbon fibers are embedded. The pyrolytic
carbon in these samples has a distinct laminar structure which promotes crack propagation
extending along the laminar structure, parallel to the fiber surface. Crack propagation is
even more likely as the thickness of the pyrocarbon layers increases. Crack propagation in
laminar PyC has also been mentioned in other literature [46,64,65].
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Figure 6. Porosity and thickness of the PyC around the fibers inside the bundle in a C/C composite
(A); the thickness of the PyC layer on the composite surface (B).

Figure 7. Crack propagation in the PyC layer in different places (A,B).

Analyzing the results of the assessment of the morphology and microstructure of the
obtained C/C composites, the most favorable in terms of homogeneity of PyC distribution,
is characterized by the CF_PyC120 sample. This composite was also characterized by the
best handiness among the obtained samples in the form of a rod. It is this composite that
will be subjected to further tests.

3.2. Structure of Rod-Shaped C/C Composite

The structure and properties of the interface determine the adhesion between the fiber
and the matrix. The mechanical properties of C/C composites are highly dependent on the
load transfer at the fiber/matrix interface. A weak interface may impair the integrity of
composites, whereas a strong bond may induce brittle fracture behavior [44,66]. For analyz-
ing the microstructures close to the CF and PyC interface, SEM, TEM, and high-resolution
TEM (HRTEM) were used. The analysis of the interface between the carbon fiber and the
deposited PyC layer indicates good adhesion at the interface. The SEM microphotography
indicates that the carbon fibers are surrounded by concentric pyrocarbon layers, and the
boundary between these two phases is continuous (Figure 8A,B). It demonstrates that there
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is relatively good adhesion between the CF and the PyC. This is more visible from the
scanning TEM HAADF-STEM micrographs shown in Figure 8C,D. As can be seen in the
images the interface is continuous and free from any structural distortions. This is very
evident from the area selected for illustration of the electron diffraction pattern (SAED)
in the inset in Figure 9D. The corresponding orientation angles (OA), determined by the
SAED pattern, indicate the existence of two different textures namely smooth laminar (SL)
also called medium textured, OA =76 + 2° and dark laminar (DL) also called low textured,
OA =93 £ 2°. SL pyrocarbon is composed of wavy graphene layers, with strong distortions
and curvatures. DL pyrolytic carbon is classified as isotropic carbon, although the preferred
orientation of the pyrolytic carbon domains (texture) in this type of PyC is between typical
isotropic (ISO) and that of typical low-textured ones, i.e., smooth laminar (SL) [43]. In the
SEM images, we do not observe a clear difference in pyrocarbon morphology that would
allow for a clear distinction between the SL and the DL pyrocarbons. SEM images indicate
to a greater extent the presence of pyrocarbon SL (Figure 8A,B), which is characterized by a
higher degree of texture parallel to the surface of the fiber [46,65].
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Figure 8. SEM (A,B) and STEM (C,D) morphologies of fracture surface of C/C composites.

Only the analysis of HRTEM images of the interface between the CF and PyC, as well
as of the PyC itself, shows some differences in its structure and allows us to distinguish
regions characteristic of SL and DL matrices (Figure 9). The analysis of HRTEM images of
the PyC matrix clearly indicates the areas of occurrence of two types of pyrocarbon, i.e.,
with low and medium texturing (Figure 9B). In the HRTEM images, we can observe the
interface between the fiber and the pyrocarbon. As in the case of TEM and SEM images, the
interface between the phases is homogeneous, but there is a significant difference between
the structure of the CF itself and the PyC (Figure 9A). The PyC matrix contains both low-
and medium-textured domains, while the carbon fiber is characterized by high anisotropy
and the clear arrangement of graphene layers parallel to the axis of the fiber (Figure 9C).
The crystallographic structure of CF and PyC was assessed using the SAED technique
(Figure 9) without the corresponding BF images; instead, the SAEDs are shown together
with sample HRTEM micrographs to illustrate the structural features. The recorded diffrac-
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tion patterns were characterized by the presence of three diffraction rings with scattering
vectors of 3.0 nm 1, 4.8 nm~!, and 8.1 nm—}, assigned to the carbon planes (002), (100), and
(110), respectively [67]. The diffraction rings in the case of CF showed a certain directional
intensity distribution related to the (002) planes, indicating the anisotropic orientation of the
crystal domains. In contrast, PyC showed a generally uniform intensity distribution with
some slight direction indicating the isotropic orientation of the crystalline domains. The
dgo2 value estimated from the diffraction patterns for CF was 3.39 A, while for PyC it was
3.42 A. The smaller value of the interplanar distances indicates a better ordering of the
carbon structure in CF than in PyC, which is probably also related to the synthesis tempera-
ture of both types of carbon [68,69]. The carbon fibers were obtained at a temperature of
2000 °C, while the PyC synthesis temperature is between 1100-1200 °C.

Figure 9. HRTEM images CF_PyC120 at the border between CF and PyC (A) composite, PyC in
the CF_PyC120 composite (B,D,E), and CF in the CF_PyC120 composite (C,F) and SAEDs taken
independently of HRTEM from two regions of PyC (H,I) and CF (G).

The high-resolution TEM HRTEM images, given for illustration in Figure 9, were
taken with no objective aperture. In Figure 9A-C they are shown in a large field of view for
a better illustration of the interface between the CF and PyC. The small squares marked in
the images (Figure 9B) and (Figure 9C) indicate areas from which fast Fourier transforms
(FFTs) were taken (Figure 9G,H). The FFTs are well in accordance with selected area electron
diffraction patterns (SADPs), not shown, which were taken for statistics from different
areas of the thin foil, from the respective regions corresponding to CF and PyC. Both the
SADPs and FFTs indicate considerable changes in the structure between both phases. The
results indicated more texture features and structural organization in the CF relative to PyC.
The latter appeared more disarrayed and randomly organized. Regardless of the structural
differences between both phases, however, the interface between the CF and PyC appeared
largely coherent. It can be observed that some layers of graphene in the CF and smooth
laminar pyrocarbon undulated together in the bonding area. This can improve the bond
strength of the fiber with the pyrocarbon matrix acting like a hook. Therefore, the strength
of the interfacial bonding of the fiber-PyC matrix can be strong [44].

When analyzing the possible mechanism of pyrocarbon growth in contact with a
heated substrate, in this case, carbon fiber, the literature most often pays attention to such
control parameters of the PyC deposition process as hydrocarbon concentration, residence
time, surface area to volume of pore ratio (A/V) and temperature [70,71]. Initially, most of
the work focused on the maturation of gases and the evolution of hydrocarbon pyrolysis
decomposition products into small linear particles, which subsequently coalesced and
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combined into the synthesis of polycyclic aromatic hydrocarbons (PAHs) [70]. Over time,
however, attention was paid to the role of the A/V ratio, and the concept of a nucleation
and growth mechanism based on gas maturation and the concentration ratio between small
linear molecules and polycyclic aromatic hydrocarbons (PAHs) was suggested [46,70-72].
The growth mechanism, usually obtained with short residence times and high A/V ratios,
is based on the chemisorption of molecules (C; or PAHSs) in active sites at the edge of
the graphene layer [73,74]. The second mechanism, i.e., nucleation, occurs most often in
processes carried out with long residence times, high temperatures, and high concentrations
of precursors and is associated with the physisorption of large PAH molecules on the surface
of the substrate [72,74,75].

The PyC synthesis process takes place in the temperature range of 1100-1200 °C,
however, it may be accompanied by various effects. In general, this temperature is relatively
low, which is not sufficient to allow the maturation of the intermediate forms to produce
large amounts of PAHs. Hence, the concentration of small linear/aromatic molecules
increases, possibly reducing the formation of soot particles, and may also prevent the
formation of five-member rings. This change in concentration will result in the deposition
of PyC with a higher level of texture [70]. On the other hand, as was also described in
one of the publications [70], if the PyC synthesis temperature is even lower, e.g., in the
range of 1000-1100 °C, the amount of energy and intermediate compounds will not be
enough to produce large aromatic molecules. This lack of large aromatic molecules will
lead to the formation of five-member rings [72], thus producing PyC with lower levels of
texture. At this stage, PyC formation will be completely controlled by the chemisorption of
intermediate species at the graphene edges. Thus, in our particular case, we cannot clearly
state which of the mechanisms is dominant, because, firstly, PyC deposition takes place
in a temperature range that allows both nucleation and growth mechanisms to appear,
and besides, temperature is not the only factor affecting this process. In addition to the
aforementioned factors, the type of mechanism and microstructure may also depend on
the construction of the reactor, and the distance between the nozzle and the substrate on
which the deposition takes place, which has already been confirmed in the publications of
other authors [70,71]. Therefore, in our case, the synthesis of PyC takes place through both
mechanisms, as evidenced by the different microstructure of the obtained PyC.

Raman spectroscopy was performed in order to evaluate the structure of the C/C
composites and compare their properties to CF which is issued as the core of the composite.
The Raman spectra of C/C composites (CF_PyC120) and carbon fibers are shown in
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Figure 10. Raman spectra of carbon fibers (CF) and CF_PyC120 composite.
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Based on the Raman spectra, two characteristic D and G bands were observed for all
samples. In the Raman spectra of carbon materials, two ranges of bands are observed, the
first in the range of 1000-2000 cm ! and the second in the range of 2000-3500 cm ™. In
the former, there are two characteristic bands D and G. The D band occurs at the Raman
shift of about 1350 cm~! and is associated with the presence of defects that break the
translational symmetry of the graphene sheet. The G band at about 1590 cm~! is induced
by the in-plane stretching vibrations of C=C bonds, which are attributed to longitudinal
optical phonon mode at the center of the Brillouin zone of graphite. Near the G band, at
Raman shift around 1620 cm ™1, also the weak shoulder peak occurs, known as D’ band.
This line originates from the double resonance intravalley scattering Raman processes
activating phonons around I' of the Brillouin zone of graphite, and it is one of the spectral
feature characteristics of defective carbon materials. The separated D’ band is clearly
visible only in the case of the CF sample, but it is present also in CF_PyC120, covered by
the broadened G peak due to the lattice disorder. The exact contribution of this component
was obtained using the Sadetzky five-band model described elsewhere [76]. In the second
range of Raman spectra, there is a characteristic band at about 2650 cm~!, often also
denoted as 2D, due to two phonons with opposite momentum in the highest optical
branch near the K point of the Brillouin zone [77-81]. It is related to the stacking order of
graphene sheets, sensitive to the electronic structure of carbon, and its intensity increases
with the number of graphene layers [78,82]. In the second order region, weak overtone
bands are also present for both samples—D+D’ (~2900 cm 1), D+D” (~2450 cm ™), and
2D’ (~3200 cm~!). Table 1 summarizes the structural parameters extracted from the Raman
spectra of CF and CF_PyC120 samples.

Table 1. Structural parameters obtained from Raman spectra of CF and CF_PyC120.

Sample Ip Ig ILp Ip/Ig Ip/Ig L, [nm]
CF 6148 17,107 15,937 0.36 0.93 37.88
CF_PyC120 7102 6844 3739 1.04 0.55 13.12

The values of L, were obtained from Cancado Equation (1).

The results of Raman carbon fiber studies confirm the results obtained from high-
resolution transmission microscopy (HRTEM) (Figure 9). Sharp and narrow characteristic
bands testify to the highly crystalline character of the carbon fiber sample. The CF selected
as a core of the C/C composite component is high-modulus, highly crystalline with high
structural order. Such a structure of CF is evidenced by the greater intensity of the G band
than the D band and the ratio of the integral intensities of the D and G bands (Ip/Ig) which
is 0.36. This parameter is generally considered to be the basic indicator of the structural
order of sp? carbons, closely related to their electronic structure and crystallinity [80]. An
additional parameter, often analyzed to determine the structure of the tested material, is
the ratio of the integral intensities of the 2D and G bands (I,p/Ig). A high value for this
parameter indicates a three-dimensional long-range order and changes in the electronic
structure associated with an increase in the concentration of charge carriers, as well as a
large number of graphene layers in the tested material [81,82]. Structurally, C/C composites
differ significantly from carbon fibers which are the core of these composites. PyC obtained
by the CVD method at a temperature of 1100-1200 °C is characterized by a much lower
structural order than carbon fibers, as evidenced by the Ip /I and I,p /I parameters. The
difference in the structure of the composite and carbon fibers is also evidenced by the size
of the crystallite, namely the average lateral elongation of the graphene planes, which is
more than four times greater in carbon fibers than in the C/C composite (Table 1).

In order to answer the question of whether the conditions prevailing during the CVD
synthesis affect the changes in the pyrolytic carbon structure, an analysis of the PyC at a
depth was carried out. Optical focus depth profiling with a Raman confocal microscope
was used to analyze the PyC from the outer surface to a depth of 24 pm (Figure 11B). The
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analyzed thickness in the case of PyC was dictated by its thickness on the surface of the
fibers in the composite, which ranged between 20-30 um. The same profiling was also
carried out on carbon fiber, but to a depth of 8 um, due to the diameter (longer diagonal)
of the fiber (Figure 11A). For pyrolytic carbon, there is a slight decrease in signal intensity
with increasing depth of focal, resulting mainly from the absorption of radiation depending
on the absorption coefficient of the material, the depth of the optical focus, and the in-depth
probe response parameter [77,83]. In order to quantify the structural changes at the depth of
the PyC layer, the Ip/Ig parameters were determined. Determination of these parameters
did not cause problems, because no significant changes in peak broadening caused by
noise were observed at the tested depth, therefore band areas were used to determine them
(Figure 11B,C). There was a similar situation in the case of carbon fibers (Figure 11A,C).
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Figure 11. First-order Raman spectra of CF (A) and CF_PyC120 (B) composites collected at the
various optical focus depths. (C) Depth profiles of the Ip /Ig (areas) of CF and CF_PyC120 composite.

The values of the Ip/Ig parameters are at a similar level along with the depth of
profiling of the tested samples. The obtained results confirm the structural homogeneity of
the fibers themselves, which means that it is a commercial product. Whereas the results for
the composite may confirm that the structural layer of PyC synthesized on the surface of
carbon fibers is uniform in thickness throughout (Figure 11C). The obtained results are also
confirmed by tests performed with the use of transmission electron microscopy (Figure 9).

3.3. Surface Chemistry of Rod-Shaped C/C Composite

The surface chemical composition of the carbon fibers (CF) and C/C composites
(CF_PyC120) determined by the XPS is shown in Table 2. The main elements detected on
the surfaces of these samples are carbon (C1s line) and oxygen (O1s line). The C1s core-level
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spectra for all samples were fitted with six components corresponding to C=C (sp?) type
bonds (284.5 eV), C-C (sp?) bonds (285.3 eV), C-OH/C-O-C bonds (286.1 eV), C=0/0-C-O
bonds (287.0 eV), O-C=0 groups (288.5 eV) and t—n* satellite (291.0 eV) [12,31]. The latter
is correlated with the graphitic character of the samples. The peak fitting of the C1s core
level for CF and CF_PyC120 is presented in Figure 12.

Table 2. Surface chemistry of CF and CF_PyC120 obtained from XPS analysis.

Elemental

Composition (%) ) Deconvolution of the C1s Spectra (%)
Sample
P 2845eV  2853ev 2001V 287.0eV g0cev 2010V
¢ o oic C=C (sp?) C-C(sp?) co, c=0, 0-C=0 T 7T*
=P P C-OH 0-C-0 -
CF 87.60 12.40 0.14 65.90 14.20 3.10 2.00 0.90 1.50
CF_PyC120 90.30 9.70 0.11 56.10 23.10 2.80 3.40 1.60 3.30
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Figure 12. (A) XPS survey spectra of CF and CF_PyC120. Deconvoluted Cls peaks at (B) CF,
(C) CF_PyC120.

The total carbon content in both analyzed samples is at a similar level. Nonetheless,
analysis of the C1s peak indicates a higher content of carbon in hybridization sp? in the
CF as compared with CF_PyC120. The percentage of sp? bonds is strictly related to the
degree of graphitization of carbon and correlates well with the results obtained from
HRTEM and Raman spectroscopy (Figures 9 and 10). At the same time, for graphitized CF,
the percentage of sp® (C-C) bonds associated with the presence of defects in the carbon
structure is lower than for the CF_PyC120 composite sample. Interestingly, in the case
of carbon fibers, we observe a relatively high oxygen content, mainly in the form of C-O,
C=0, and O-C-O bonds, higher than for the composite with a pyrolytic carbon matrix. On
the one hand, this may indicate the presence of sizing in this type of fiber, but it may also
be related to the presence of structural defects on the surface of the fiber, for example in
the form of dangling bonds capable of reacting with atmospheric oxygen. The presence
of defects on the fibers’ surface may also be evidenced by the presence of a rather large
amount of bonds with sp?® hybridization (14.20%) for graphitized fibers.

In order to assess the wettability of the surface of the tested materials, the Wilhelmy
method was used, applying a tensiometer with a holder for testing single fibers with a
diameter above 20 pm. This method is dedicated primarily to the analysis of solid samples,
but it can also be used for bundles of fibers, as in the case of CF tow [57,58]. Wettability was
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evaluated for three types of samples, namely C/C composites, carbon fibers as the main
reinforcing and directivity component of the composite, and a platinum (Pt) wire. The Pt
wire was chosen because in the next study (in vitro study) it will be used as a reference due
to the fact that it is currently the material from which electrodes for deep brain stimulation
are most often made. The figures for individual values of the dynamic contact angle relative
to the position during immersion of the samples in water and the results of the average
values of the advancing angle 0 54, are presented below (Figure 13).
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Figure 13. Typical measured 0,4, versus position (mm) curves for CF tow, CF_PyC120, and Pt wire
samples in water.

The highest value of the contact angle is observed for the composite sample, which is
88.58 4 2.17°. The values of the water contact angle for pyrolytic carbon, used primarily in
medicine as a coating on the surface of bileaflet mechanical heart valve prostheses, are in
the range of 86-110°. The exact value mainly depends on the synthesis temperature, types
of precursor, and the presence of other elements, such as Si, used to improve mechanical
parameters, mainly hardness and abrasion resistance [69,84,85]. In medicine, in particular
for covering mechanical heart valves, low-temperature pyrolytic carbons are obtained at a
temperature below 1500 °C [41]. Low-temperature isotropic carbon differs from isotropic
carbon obtained at temperatures above 2000 °C not only in the degree of ordering of the
carbon structure but also in the presence of heteroatoms which may affect, among other
things, the degree of wettability of pyrolytic carbon. LTI carbon is characterized by a
contact angle of about 90°; therefore, the value of the contact angle for PyC in CF_PyC120
composite confirms that we are dealing with low-temperature PyC. The wettability of
the fiber bundle is higher than that of the composite sample, which is most likely due
to the presence of sizing on the surface of carbon fibers. The presence of sizing on the
surface of the fibers is also confirmed by the XPS test results. The value of the water
contact angle for the tested fibers is about 61.14 = 1.37°, which is consistent with the values
presented in the literature for water contact angles of carbon fibers with sizing. The most
frequently presented values of these angles in the literature are 62.5°, 65.8°, and about
71° depending on the research method used [57,58,86,87]. The first two values refer to the
dynamic method, as in this paper. The lower contact angle of CF compared to the C/C
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composite may also be evidenced by the presence of oxygen groups associated with sizing
as well as in combination with structural defects on the fiber surface, which is confirmed
by the XPS test results (Table 2, Figure 12). A higher oxygen content in the CF sample is
evidenced by, for example, a higher O/C ratio (Table 2).

The wettability of the Pt wire is 54.69 + 3.68° and confirms data in the literature
indicating the hydrophilic character of this material [88].

3.4. Biocompatibility of Rod-Shaped C/C Composite

The in vitro biological tests were aimed at the preliminary assessment of cytotoxicity
and cell viability in contact with the manufactured materials. The SH-SY5Y cell line
is derived from human neuroblastoma cells and is a widely accepted model of human
neuronal-like cells [89,90]. This cell line, being of catecholaminergic phenotype, is often
used as an in vitro model for neurotoxicity and neurodegenerative disorders. This line
was selected for in vitro biological studies due to the intention to use the manufactured
composites in the brain. The SH-SY5Y cell line is an excellent model for screening for the
first assessment of the biocompatibility of the obtained C/C composites. To date, there have
not been any studies in the literature regarding the preparation of such composites in the
form of rods intended for the stimulation of nervous tissue cells, and equally so biological
studies assessing their potential cytotoxicity. That is why these tests are so important, and
the choice of the SH-SY5Y line in this case is certainly justified.

The in vitro tests were carried out for three types of samples, i.e.,, CF, CF_PyC120
composite, and Pt wire, which served as a reference sample. In addition, a positive control
sample (CF_F-F composite) and a negative control sample (PS) were used. Both qualitative
tests, i.e., mainly imaging in light (Figure 14) and scanning electron microscope (SEM)
(Figure 15), were performed for the tested samples, as well as quantitative tests, i.e., viability
using the WST-1 test and cytotoxicity using the lactate dehydrogenase (LDH) release test
(Figure 16).

Figure 14. Differential interference contrast (DIC) images of SH-SY5Y cells in contact with
(A) PS—negative control, (B) CF_FF—positive control, (C) Pt wire, (D) CF and (E) CF_PyC120
samples acquired 48 h after cell seeding.
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mag: 3,000x

Figure 15. SEM micrographs of sample surfaces in contact with SH-SY5Y cells, (A,B) Pt wire,
(C,D) CF, and (E,F) CF_PyC120.
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Figure 16. Size distribution of ball-like protuberances on the surface of CF-PyC120 composites;
(A) size distribution of ball-like protuberances above 1 um, (B) size distribution of ball-like protu-
berances above and below 1 um. The numbers above the bars mean percentage share of ball-like
protuberances on the surface of CF-PyC120 composites.

Based on the microscopic images shown in Figure 14, the morphology of SH-SY5Y
cells in contact with samples can be assessed. Most of the cells in contact with a negative
control sample (PS) have a polygonal, star shape; these cells are flattened, form clusters,
and strongly adhere to the PS surface (Figure 14A). Cells in contact with the tested materials
CF and CF_PyC120 after 48 h of culture also have a flattened, star shape, very similar in
morphology to the cells on the PS control samples. Similar results can be observed for
cells in contact with Pt wire. No morphological changes were observed in close or distant
proximity to the sample compared to the negative control sample. In order to exclude the
influence of the size and amount of the sample on the cellular response, a positive control
sample (CF_FF) in the form of a rod of a size comparable to the analyzed samples was
also prepared. Three repetitions were made for each test sample; in all three the amount
of a given sample in the form of rods in each culture well was the same and amounted to
three pieces. Significant differences in cell morphology and structure were observed for
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the positive control sample (CF_FF) compared to the negative control sample as well as
to other samples. In this sample, the cells are showing signs of severe damage, evidenced
by a smaller size, rounded shape, loose attachment to the surface, and agglomeration
(Figure 14B). The negative impact of the positive sample is also evidenced by the results
of cytotoxicity studies carried out using the LDH assay and cell viability in contact with

samples (Figure 17).
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Figure 17. Quantitative biosafety assessment of the tested materials using cytotoxicity (A) and cell
viability (B) biochemical assays. Cytotoxicity was assessed by LDH release assay and cell viability by
WST-1 assay (detail in Material and Methods section). The data were normalized to the control group
and are presented as a mean S.E.M. Two-way (A) and one-way (B) ANOVA. with post hoc Duncan
test was used with * p < 0.05 and *** p < 0.001 vs. control group.

In addition, the analysis of SEM images allowed the observation of the behavior of
cells in contact with the surface of the tested samples (Figure 15). Three types of samples
were used for the tests, namely, a Pt wire as a reference, CFs, and a C/C composite. On the
surface of the Pt wire, the presence of single flattened cells can be observed (Figure 15A,B).
Due to the difference in the electron density of the tested materials, the SEM images of the
cells on the surface of the Pt wire are by far the most visible. In the case of a sample of CFs,
the number of cells adhering to the surface of the sample is much smaller compared to the
Pt wire (Figure 15C,D). In this case, a single cell is seen, relatively flattened on the surface of
the fiber bundle (Figure 15D, arrow). In the case of composite samples, it can be observed
that the cells on the surface of the sample cover quite a large area and are well spread
out (Figure 15E,F). The SEM images show the presence of single pseudopodia (Figure 15F
arrows) of cells occupying more distant areas of the sample, which may indicate good
SH-SY5Y cell adhesion to the sample surface. It can even be observed that the surface area
occupied by the cells in contact with the CF_PyC120 sample is larger when compared to
the reference sample (Pt wire).

One probable reason for the better adhesion of cells to the surface of the composite
sample is the larger diameter of this sample compared to carbon fibers, in which the
diameter of a single fiber is between 4 pm and 12 um (depending on the direction) (Figure 1).
On such a surface, the cell has more opportunities for proper anchoring and better adhesion
than on the surface of a sample with a small diameter and which is also elongated. When
analyzing the influence of the surface properties of the tested samples on the adhesion
of cells, the first parameter that appears is wettability. The highest wettability can be
observed for carbon fibers, although the remaining samples also have a hydrophilic surface
(Figure 13). The surface of the C/C composite sample is the least wettable but having
analyzed the behavior of cells on this surface, it can be concluded that this is not the most
important parameter determining the cellular response. The surface of the CF_PyC120
sample also contains some ball-like protuberances, cauliflower-like structures of different
sizes (Figure 16), which may contribute to better adhesion by creating additional sites for
cell attachment to the sample surface. In the tested C/C composite sample, we can talk
about hierarchical roughness containing both precipitates with dimensions of several to
several dozen micrometers (form 1 um to >30 um, Figure 16A), as well as roughness in
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the nanometric scale (in the range from <300 nm to 900 nm, Figure 16B). Analyzing the
data from the literature, the presence of roughness in the micro- and nanoscale seems
to be the most desirable property with regard to cellular response and the effect on cell
adhesion [91-93].

The cytotoxicity of the tested materials was determined on the basis of the LDH release
test. Two-way ANOVA statistical analysis of LDH test results demonstrated the effects of
the types of materials investigated, but not the time of incubation with the tested materials.
We demonstrated a significant cytotoxic effect of the (CF_FF) sample at both of the studied
time points (24 and 48 h), whereas the other materials were non-cytotoxic to SH-SY5Y cells
when compared to the control group (Figure 17A).

The one-way ANOVA statistical analysis of cell viability data confirmed the severe
cell-damaging effect of CF_FF found in the LDH test and light microscopy. Moreover, a
significant reduction (about 50%) was observed for the CF samples and some tendency
towards the reduction of cell viability (by about 30%) was also noted for the Pt wire
and CF_PyC120 samples (Figure 17B). This was probably induced by the presence of
material in the wells which blocked cell proliferation when compared to the control group.
On this basis, it can be concluded that the PyC obtained by the CVD method in the
resistance heating system improves cell viability compared to high-modulus CF without
any modification. In turn, the high level of cytotoxicity for the CF_FF control sample
also results in a significant decrease in cell viability, which confirms the negative effect of
this sample on cellular response. Analyzing the effect of the individual components of
the C/C composite on the cellular response, it can be concluded that none of them, i.e.,
neither carbon fiber nor pyrolytic carbon, have a negative impact on the cellular response
of SH-SY5Y cells. Carbon fibers have been of interest in various areas of medicine for
many years; these are primarily applications in the area of bone, cartilage, ligament, and
tendon reconstructions [83]. In this area, the use of fibrous forms alone met with great
enthusiasm at first, but over time it turned out that the biocompatibility of these materials
is limited, this results primarily from the types of fiber used. Therefore, further applications
of carbon fibers focused on their use as reinforcements in polymer composites. Lower cell
viability in contact with CF compared to Pt and C/C composites may be, as mentioned
earlier, the result of poorer cell adhesion to their surface, which was observed by analyzing
the SEM results. Another factor that may also affect cell viability is the structure of the
tested CFs. In the literature on the biocompatibility of CFs, attention is paid to the type of
carbon fiber, whether they are high-modulus fibers, i.e., high-crystalline, or low-modulus,
i.e., low-crystalline. Generally, the more crystalline the samples of carbon fibers and the
more ordered their structure, the worse the biological response [94]. The authors of these
papers indicated that carbon fibers with higher crystallinity and a better-organized graphite
structure were assimilated by the body with more difficulty, and small particles coming
from these materials were found in the regional lymph nodes. The carbon fibers used in this
work are high-modulus fibers with a high degree of crystallinity, which was confirmed by
HRTEM tests and Raman spectroscopy (Figures 9 and 10). These fibers are also dominated
by carbon with sp? hybridization, which proves the ordered structure of this material.
Pyrolytic carbon constituting the matrix of the C/C composite, in turn, is characterized by
a more amorphous structure and a higher content of carbon with sp® hybridization than in
the case of carbon fibers (Table 2). This amorphous structure is associated with the presence
of structural defects, capable of interacting with the surrounding environment, including
protein in the culture medium or on cellular membranes [95-97]. Therefore, these factors
may also affect cell viability and demonstrate higher biocompatibility of C/C composites
with PyC matrix. While carbon fibers in applications for the stimulation of nervous tissue
as microelectrodes have been the subject of research [25,26], so far pyrolytic carbon has not
been tested in relation to nervous tissue cells, so these results can be considered pioneering.
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4. Conclusions

This study is focused on creating carbon-carbon composites using carbon fibers and
pyrolytic carbon in the form of rods. These composites are being investigated as potential
materials for use with nerve tissue cells. Since these materials have not been previously
considered for treating neurodegenerative diseases, each step of their preparation is crucial.
The first objective was to develop a method for obtaining rod-shaped C/C composites
with dimensions below 1 mm. To achieve this, a non-standard approach using direct
electrical heating of a bundle of carbon fibers in the CVD method was employed. The
study examined the influence of different synthesis times (30 s, 60 s, 120 s, and 180 s) on
the quality of the resulting composites. The surface of the cross-sections of the samples
was analyzed through SEM to assess sample compaction, porosity, PyC layer thickness,
and composite rod diameters. Based on these analyses, the most suitable conditions
for the synthesis of C/C composites were identified, specifically a sample designated as
CF_PyC_120, synthesized for 120 s using methane as the carbonaceous gas.

Another essential aspect of the research was the evaluation of the structure of the ob-
tained composite rods, particularly the PyC matrix. High-resolution transmission electron
microscopy (HRTEM), selected area electron diffraction (SAED), and Raman spectroscopy
were employed to determine the degree of crystallinity in the pyrocarbon structure, mea-
sure interplanar distance (dggy), and establish the size of crystallites in both the PyC phase
and fibers. The orientation angle (OA), which indicates the texture of PyC, was also ana-
lyzed, revealing the presence of two distinct textures: smooth laminar and dark laminar.
The interface structure influences the adhesion between the fibers and matrix, which can
significantly impact the mechanical properties of C/C composites and load transfer at the
fiber /matrix interface. Understanding the structural parameters also affects the electrical
properties of the composites, which will be studied in subsequent research stages.

In addition to structural parameters, the study investigated the morphology and
microstructure of the surface of the C/C composites in the form of rods, as well as their
surface chemistry, which affects factors like sample wettability and cellular response
in vitro. The X-ray photoelectron spectroscopy (XPS) method and tensiometer were used to
determine these parameters. Furthermore, since these materials had not been tested before
for their response to nerve tissue cells, it was crucial to assess their toxicity and viability
against neural cells. The SH-SYS5Y cell line, commonly used in neurological experiments,
was used as a model for this purpose. Cytotoxicity was examined using the LDH release
test, while viability studies were conducted using the WST-1 test. The results showed that
both carbon fibers and pyrolytic carbon in the C/C composites did not negatively impact
the cellular response of SH-SY5Y cells. Cell viability on the surface of the composite was at
a similar level to that of the reference sample, which was a Pt wire. In turn, assessing the
morphology of cells in contact with the tested CF_PyC_120 composite using SEM and DIC
light microscopy methods, it can be concluded that after culture they have a flattened and
star-like shape, morphologically very similar to the cells on the PS control samples. Also,
no morphological changes were observed in close or distant proximity to the sample when
compared to the negative control sample. Interestingly, in the case of the C/C composite
samples, it can also be observed that the cells are well distributed on their surface, with
visible single pseudopodia of cells occupying more distant areas of the sample, which may
indicate good adhesion of SH-SY5Y cells to the sample surface. It can even be observed
that the surface occupied by cells in contact with the CF_PyC120 sample is larger than on
the reference sample (Pt wire). Good adhesion of cells to the surface of the CF_PyC_120
composite may be determined by the hierarchical roughness of the composite surface as
well as its amorphous character, manifested by the presence of structural defects, such as
dangling bonds capable of interacting with the surrounding biological environment.
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Abstract: Platelet-rich fibrin (PRF) is a second-generation blood concentrate that serves as an autolo-
gous approach for both soft and hard tissue regeneration. It provides a scaffold for cell interaction
and promotes the local release of growth factors. PRF has been investigated as an alternative to
bone tissue therapy, with the potential to expedite wound healing and bone regeneration, though
the mechanisms involved are not yet fully understood. This review aims to explore the in vitro
evidence of PRF’s effects on the behavior of mineralizing cells related to bone tissue regeneration. A
systematic electronic search was conducted up to August 2023, utilizing three databases: PubMed,
Web of Science, and Scopus. A total of 76 studies were selected, which presented in vitro evidence of
PRF’s usefulness, either alone or in conjunction with other biomaterials, for bone tissue treatment.
PRF membranes” influence on the proliferation, differentiation, and mineralization of bone cells is
linked to the constant release of growth factors, resulting in changes in crucial markers of bone cell
metabolism and behavior. This further reinforces their therapeutic potential in wound healing and
bone regeneration. While there are some notable differences among the studies, the overall results
suggest a positive effect of PRF on cell proliferation, differentiation, mineralization, and a reduction
in inflammation. This points to its therapeutic potential in the field of regenerative medicine. Collec-
tively, these findings may help enhance our understanding of how PRF impacts basic physiological
processes in bone and mineralized tissue.

Keywords: review; osteoblast; cell therapy; PRF; platelet concentrates

1. Introduction

In recent years, there has been significant advancement in bone tissue engineering,
where damaged or diseased bones are repaired using materials that closely replicate the
properties of natural bones while being safe for the body. A wide range of both synthetic
and natural biomaterials have been extensively studied, each with its unique strengths and
limitations. Being aware of the differences between these materials is vital for harnessing
their respective benefits and pushing the boundaries of this field [1-3].

Various artificially crafted (alloplastic) materials can be customized to meet specific
medical requirements nowadays. These synthetic biomaterials made from metals, ceramics,
and polymers can be manufactured reproducibly on a large scale, with tunable physical
and chemical properties. Nevertheless, these materials usually lack the intricate struc-
ture and biological components found in natural materials of biological origin, such as
xenografts, allografts, and autografts [1,3]. As a result, these materials of natural origin
often have some advantages over synthetic biomaterials, such as increased biocompatibility,
biodegradability, and biological activity.
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In this context, the development of autologous blood-derived aggregates, such as
platelet-rich fibrin (PRF) or leukocyte- and platelet-rich fibrin (L-PRF), has garnered signifi-
cant interest in the medical and dental fields for its importance in tissue regeneration [2].
PRF stands out as a promising choice for natural biomaterial due to its remarkable compati-
bility with the human body. As a second-generation blood concentrate, PRF has undergone
significant advancements since its inception. It has built on the foundations of platelet-rich
plasma (PRP) from the late 1990s and boasts enhanced attributes that make it valuable in
numerous surgical procedures [4-7]. Its concentration of essential cytokines and growth
factors facilitates cell growth, migration, proliferation, and differentiation, allowing for
smooth integration with native tissues [1-3].

Produced through the straightforward centrifugation of a patient’s blood without
the need for anticoagulants or activating agents, PRF manifests as a dense fibrin matrix
rich in leukocytes, platelets, and a myriad of proteins pivotal for wound healing. This
autologous biomaterial has been hailed for fostering angiogenesis, promoting cell special-
ization and differentiation, and serving as a supportive scaffold for bone cells, thereby
expediting the bone healing and formation process [3]. Furthermore, the polymerization
of PRF results in a membrane with a favorable physiological structure, offering a robust
framework for osteoprogenitor cells to adhere to and facilitating the continuous release of
vital growth factors such as fibroblast growth factors (FGFs), vascular endothelial growth
factors (VEGFs), transforming growth factors (TGFs), and platelet-derived growth factors
(PDGFs) [8-10] (Figure 1). These are important cytokines that regulate various aspects of
bone regeneration. While the VEGF stimulates angiogenesis and osteogenesis, the PDGF
promotes chemotaxis and the proliferation of mesenchymal stem cells and osteoblasts, the
FGF enhances osteoblast differentiation and bone matrix formation, and the TGF modulates
inflammation and immune response. These cytokines act synergistically to enhance bone
healing and repair, and their delivery to bone defects can improve the outcome of bone
regeneration therapies [11-14].

Blood cells Platelet-rich Fibrin hl:iolacti;le
@ olecules
— —
Y- ‘ PDGF
7 7 7\
Platelets
P » VEGF
@3 % E )
B A ¥/ o
4
& & TGF
Leukocytes
j 1 IGF

22312 Cytokines

Erythrocytes Fibrin Matrix

Figure 1. The platelet-rich fibrin membranes consist of cells, structural proteins, and regulatory
mediators, such as cytokines and growth factors.

Despite the promising attributes of PRF, the scientific community continues to explore
and debate its clinical efficacy compared to other biomaterials or conventional techniques.
Particularly, inquiries concerning its direct positive influence on mineralizing cells, such
as osteoblasts, have spurred numerous in vitro studies aimed at unraveling the biological
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mechanisms and impacts of PRF on mineralized tissues [8,10]. This scoping review aimed
to elucidate the understanding of the biological basis of the applicability of different PRF
derivations with potential use in bone therapy, compiling and comparing their effects on
events such as proliferation, differentiation, and mineralization capacity of bone cells from
evidence provided by controlled in vitro studies.

2. Materials and Methods
2.1. Protocol and Registry

This scoping review was conducted based on the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) Statement and its extension for Scoping
Reviews (PRISMA-ScR) [15]. The present research protocol is registered in the Open Science
Framework database.

2.2. Information Sources and Search Strategy

The search strategy was developed based on a PICOS framework, where the following
aspects were considered. Population: cell lines involved in bone regeneration; intervention:
exposure to second-generation autologous platelet aggregates (PRFs); comparison: cells
not exposed to PRFs; outcome: positive effect on parameters related to regeneration
(proliferation, differentiation, mineralization); and setting: in vitro assessments.

The search was conducted up to August 2023 in three different electronic databases:
PubMed, Web of Science, and Scopus. The search key employed for each database is
described in Table 1. Adaptations were performed to fit the same terms into the different
search engines and in combination with specific database filters when available. The entries
were sent to Mendeley Desktop (Elsevier) software (version 2.98.0) to eliminate replicas
and thus consolidate the list of references for subsequent analysis.

Table 1. The search key employed in the three consulted databases.

DATABASE Search Key
(PRF OR “platelet rich fibrin” OR L-PRF OR i-PRF OR “Sticky bone” OR
PubMed “concentrated growth factors” OR CGF) AND (Bone OR osteoblast* OR MSC OR
(https:/ /pubmed.ncbi.nlm.nih.gov/, “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” [mh] OR “bone
accessed on 14 August 2023) cell” OR preosteoblast* OR Skeleton) AND (“in vitro” OR In Vitro Techniques” [mh]

OR “Cell Lineage” [mh] OR “Cells, Cultured” [mh]).

((PRF OR “platelet rich fibrin” OR L-PRF OR i-PRF OR “Sticky bone” OR
“concentrated growth factors” OR CGF) AND (Bone OR osteoblast OR MSC OR
“mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” OR “bone cell”
OR preosteoblast OR PDL OR “periodontal ligament OR mineralization) AND
(“in vitro” OR “In Vitro Techniques” OR “Cell Lineage” OR “Cells, Cultured”))
Refined by DOCTYPE: (ARTICLE).

Web of Science
(https:/ /www.webofscience.com/,
accessed on 14 August 2023)

TITLE-ABS-KEY (prf OR “platelet rich fibrin” OR I-prf OR i-prf OR “Sticky bone” OR

Scopus “concentrated growth factors” OR cgf) AND TITLE-ABS-KEY (bone OR osteoblast OR
(https:/ /www.scopus.com/search/form. MSC OR “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” OR
uri?display=basic, accessed on “bone cell” OR preosteoblast OR pdl OR “periodontal ligament OR mineralization)
14 August 2023) AND TITLE-ABS-KEY ((“in vitro” OR “In Vitro Techniques” OR “Cell Lineage” OR

“Cell Culture”) AND (LIMIT TO (DOCTYPE, “ar”))).

2.3. Study Selection

The eligibility criteria for the studies included the use of cell lines for bone regeneration,
second-generation autologous platelet aggregate (PRF) exposure to cells, and a positive
effect on parameters related to regeneration in vitro. Exclusion criteria comprised study
designs and publication types that used other autologous materials that did not involve
cell exposure or were case reports, exposure limited to non-mineralizing cells, such as
fibroblasts and osteoclasts, articles that did not represent complete primary sources of
evidence (abstracts, reviews, editorial letters, opinion letters, commentary articles), and
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in vivo or clinical studies. Subjects related to other research topics, such as meniscus,
cartilage, cancer treatments, drug studies, and in vitro delivery, were considered “off-
topic”. There was no restriction on the publication date or language of publication.

Two reviewers (R.L.B. and E.S.L.) read all the titles and abstracts of the articles retrieved
from the search after performing piloting and calibrating on data collection with a Cohen
kappa of 0.97 concordances. They analyzed and selected articles according to the eligibility
criteria described above, eliminating duplicates. Any disagreement on study eligibility
was resolved through discussion and consensus or a third reviewer (G.G.A.) to make the
final decision.

2.4. Critical Appraisal

The selected studies were evaluated by 3 reviewers (R.L.B., N.R.S.R., and G.G.A.)
using the ToxRTool (Toxicological Data Reliability Assessment Tool) to assess the quality
and reliability of in vitro data at the methodological level [16]. This tool includes 18 criteria
that describe important aspects for developing reliable articles regarding the methodology
applied and how the study was conducted. The checklist includes a description of the
methodological aspects of each study, such as substance identification, test system, study
design, and documentation of results. Each criterion corresponds to one point, where the
article receives one point if it meets the criterion and zero points if it does not. Finally,
the scores are summed, generating a final score. Articles with scores less than 11 are
considered unreliable, studies with scores between 11 and 14 are considered reliable with
possible restrictions, and studies with scores between 15 and 18 are considered reliable
without restrictions.

2.5. Data Extraction

For data extraction, scientific and technical information were tabulated and analyzed
using Microsoft Office Excel 2013. The data extracted included the authors and year of publi-
cation, cell type, growth factors detected, the presence of association/modification/addition
with PRF membranes, conditions of exposure of cells to PRF (time, volume), biological
parameters evaluated, and main findings for the outcomes. These data were used for a
qualitative evaluation and synthesis of evidence.

3. Results

From the search key developed according to each database, 1157 articles were retrieved,
and 429 duplicate records were excluded. Thus, 728 articles were evaluated for eligibility,
applying the inclusion and exclusion criteria. Of these, 652 articles were excluded from the
review because they did not meet the eligibility criteria (Figure 2). Therefore, 76 articles
were evaluated in detail and used in the qualitative analysis of this review.

The ToxRTool was employed to assess the inherent quality of the selected studies of
toxicological data reported in a publication or a test report, with a reliability categorization
performed as shown in Table 2. Among the 76 selected articles, around half (52%) achieved
the maximum score (18 points), while a further 48% (36 studies) presented only a few
reporting limitations, with scores ranging from 15 to 17, rending a total of 100% of the
studies classified as reliable without restrictions (Table 2).

Of these, many articles did not specify the amount of medium used for membrane
cultivation/extraction of PRF membranes, the number of replicates, or the passage of cells
used in the experiments. These factors can influence the interpretation of the biological
response, as the time of cultivation and sequential passages can affect the behavior of
cells, changing their morphological, functional, and molecular characteristics, which may
compromise the quality and reliability of the results obtained with in vitro cultured cells.
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Figure 2. The screening process, selection, and systematic steps according to the PRISMA Statement.

Table 2. Critical appraisal of the selected studies, performed according to the ToxRTool [16].
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Al-Maawi et al., 2021 [17] 4 3 6 3 2 18
Al-Maawi et al., 2022 [18] 4 3 6 3 2 18
Bagio et al., 2021 [19] 3 3 6 3 2 17
Banyatworakul et al., 2021 [20] 4 3 6 3 2 18
Bi et al., 2020 [21] 4 3 6 3 2 18
Blatt et al., 2021 [22] 4 3 5 3 2 17
Chang, Tsai, and Chang, 2010 [23] 4 2 5 3 2 16
Chen et al., 2015 [24] 4 3 6 3 2 18
Cheng et al., 2022 [25] 4 3 5 3 2 17
Chi et al., 2019 [26] 4 3 5 3 2 17
Clipet et al., 2012 [27] 4 3 6 3 2 18
Dohan Ehrenfest et al., 2010 [28] 4 1 5 3 2 15
Dohle et al., 2018 [29] 4 3 6 3 2 18
Douglas et al., 2012 [30] 4 1 5 3 2 15
Duan et al., 2018 [31] 4 1 5 3 2 15
Ehrenfest et al., 2009 [32] 4 1 5 3 2 15
Esmaeilnejad et al., 2022 [33] 4 3 6 3 2 18
Fernandez-Medina et al., 2019 [34] 4 3 6 3 2 18
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Gassling et al., 2009 [35] 4 1 5 3 2 15
Gassling et al., 2010 [36] 4 3 5 3 2 17
Gassling et al., 2013 [37] 4 3 6 3 2 18
Gassling et al., 2013 [38] 4 3 5 3 2 17
Girija and Kavitha, 2020 [39] 2 3 5 2 1 13
He et al., 2009 [40] 4 3 5 3 2 17
Hong, Chen, and Jiang, 2018 [41] 4 3 6 3 2 18
Huang et al., 2010 [42] 4 3 6 3 2 18
Irastorza et al., 2019 [43] 4 3 6 3 2 18
Isobe et al., 2017 [44] 4 1 6 3 2 16
Ji et al., 2015 [45] 4 3 6 3 2 18
Kang et al., 2011 [46] 4 3 6 3 2 18
Kardos et al., 2018 [47] 4 2 5 3 2 16
Kim et al., 2017 [48] 4 2 5 3 2 16
Kim et al., 2017 [49] 4 3 5 3 2 17
Kosmidis et al., 2023 [50] 4 3 6 3 2 18
Koyanagi et al., 2022 [51] 4 3 5 3 2 17
Kyyak et al., 2020 [52] 4 3 6 3 2 18
Kyyak et al., 2021 [53] 4 3 6 3 2 18
Li et al., 2013 [54] 4 2 6 3 2 17
Li et al., 2014 [55] 4 3 6 3 2 18
Li et al., 2018 [56] 4 3 6 3 2 18
Lietal., 2018 [57] 4 3 6 3 2 18
Liang et al., 2021 [58] 3 3 6 3 2 17
Liu et al., 2019 [59] 4 3 6 3 2 18
Liu et al., 2022 [60] 4 3 6 3 2 18
Lo Monaco et al. 2020 [61] 4 3 6 3 2 18
Marchetti, 2020 [62] 4 3 6 3 2 18
Moradian et al., 2017 [63] 4 2 5 3 2 16
Nguyen et al., 2022 [64] 4 3 6 3 2 18
Nie et al., 2020 [65] 4 3 6 3 2 18
Nugraha et al., 2018 [66] 4 2 5 3 2 16
Nugraha et al., 2018 [67] 4 2 5 3 2 16
Nugraha et al., 2018 [68] 4 2 5 3 2 16
Nugraha et al., 2019 [69] 4 2 5 3 2 16
Rastegar et al., 2021 [70] 4 3 6 3 2 18
Shah et al., 2021 [71] 4 2 4 3 2 15
Song et al., 2018 [72] 4 3 6 3 2 18
Steller et al., 2019 [73] 4 3 6 3 2 18
Steller et al., 2019 [74] 4 3 6 3 2 18
Sui et al., 2023 [75] 4 3 6 3 2 18
Thanasrisuebwong et al., 2020 [76] 4 2 6 3 2 16
Verboket et al., 2019 [77] 4 2 6 3 2 17
Wang et al., 2015 [78] 4 3 6 3 2 18
Wang et al., 2018 [79] 4 3 6 3 2 18
Wang et al., 2022 [80] 4 3 5 3 2 17
Wang et al., 2023 [81] 4 3 5 3 2 17
Wong et al., 2021 [7] 4 3 6 3 2 18
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Wong et al., 2021 [82] 4 3 6 3 2 18
Woo et al., 2016 [83] 4 1 5 3 2 15

Wu et al., 2012 [84] 4 3 5 3 2 16

Yu et al., 2016 [85]

Yu et al., 2023 [86] 4 3 6 3 2 18
Zhang et al., 2019 [87] 4 3 6 3 2 18
Zhang et al., 2023 [88] 4 3 5 3 2 17

Zhao et al., 2013 [89] 4 2 5 3 2 16
Zheng et al., 2015 [90] 4 1 5 3 2 15
Zheng et al., 2020 [91] 4 3 6 3 2 18

Table 3 shows the main data extracted from the selected studies regarding the effects of
different protocols of PRF production on bone-related cells. Various studies propose ways
to obtain and use PRF to optimize its handling characteristics and storage and develop new
application possibilities. These include the tube type, time and speed of centrifugation,
mode of application, and even association with other materials.

More than half (56%) of the studies investigated the classical L-PRF protocol proposed
by Choukx, which forms a thick clotted yellow, Jell-O-like moldable scaffold. Advanced
PRF (A-PRF) is another type of platelet concentrate produced by centrifuging blood at a
low speed and for a longer time, which results in a fibrin clot with a rich content of platelets,
growth factors, and other bioactive molecules, which was studied in nine (12%) of the
selected studies. Further, nine studies investigated the effects of exposure to injectable
PRF (i-PRF), which is usually prepared by centrifuging blood samples at 1060 rpm for
14 min, forming a thinner unclotted liquid that can be injected into various sites where bone
grafts have been placed or where infections have occurred. Two other studies assessed the
biological properties of H-PRF, which is produced by horizontal centrifugation. Finally,
nine studies (12%) investigated the impact of freezing or lyophilizing L-PRF membranes
on the effects of these materials on mineralizing cells. A few of the selected studies (six)
compared the biological properties of two or more of these protocols, as will be discussed
in the next section of this review.

One of the challenges in studying the effects of PRF on cell behavior is to choose
the appropriate method of exposure. About half (51%) of the selected studies employed
indirect exposure of cells to eluates, while the other 42% (32 studies) cultivated cells in
co-culture or directly seeded into PRF matrices. The difference between direct and indirect
in vitro exposure of cells to PRF eluates or co-cultures is that the former simulates the initial
contact of cells with PRF, while the latter mimics the long-term interaction of cells with
PRE. The direct exposure of cells to PRF eluates can assess the cytotoxicity, inflammation,
and differentiation potential of PRF, while the co-culture of cells with PRF can evaluate the
proliferation, migration, and mineralization ability of cells in the presence of PRE.
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The name of a protein indicates the assessment of its expression. L-PRF: fibrin rich
in platelets and leukocytes produced by Choukrun’s protocol; i-PRF: liquid, injectable
PRF; A-PRF: advanced PRF, produced with intermediary centrifugation forces; H-PRF:
produced through horizontal centrifugation. RCF: relative centrifugal force; ALP: alkaline
phosphatase; OPN: osteopontin; OPG: osteoprotegerin; DMP-1: dentin matrix protein 1;
DSPP: dentin sialophosphoprotein; DSP: dentin sialoprotein; SPP: sialophosphoprotein;
BSP: bone sialoprotein; OCN: osteocalcin; Col-1: collagen type I; OSX: osterix; MMP: matrix
metalloproteinase; VCAM-1: vascular cell adhesion molecule 1; BMP-2: bone morpho-
genetic protein 2; MGP: matrix Gla protein; LOX: lysyl oxidase; LPS: lipopolysaccharide;
P-GSK3b: phosphorylated glycogen synthase kinase-3-beta.

Regarding the cell types employed in the studies, several different models were
identified from diverse mineralizing tissues of both human and animal origin. More than
half of the studies (n = 44, 58%) employed human cells, while the other half investigated
cells from animal sources (42%), including cells from rabbits, canines, and murine models.
None of the selected studies performed a comparison between human or animal cells in
order to provide direct evidence of different responses to PRF between these origins. All
studies that performed assessments of cell viability and proliferation after exposure of either
human or animal cells to PRF presented similar descriptive results, even with incomparable
size effects, as the methodological settings were very heterogeneous (the tables include
records of studies without any data). Furthermore, very similar regulatory pathways are
reported as activated by exposure to PRF, including the Cbfa-1/Runx2, MAPK, and Wnt
signaling pathways, regardless of the human or animal origin of cells, as will be further
described and discussed in the next section of this review. Nevertheless, it is important
to notice that data resulting from human cells are usually considered more relevant and
representative of human physiology and pathology than animal cells, which may have
different molecular and cellular mechanisms, responses, and interactions. Furthermore,
their obtention may reduce ethical and practical issues associated with the use of animals
for research, such as animal welfare, availability, cost, and regulatory approval.

Several of the selected studies utilized primary cells, such as osteoblasts, dental pulp
stem cells (hDPSCs), periodontal ligament cells (cPDLs), and bone marrow stem cells
(BMSCs) (Table 4). Primary cells are isolated directly from living tissues or organs and offer
several advantages over immortalized cell lines. They retain the physiological functions of
their tissue of origin, such as gene expression, metabolism, and responsiveness to stimuli.
They provide a more realistic model system, making them more suitable for studying
complex biological processes. However, immortalized cell lines, which have been modified
to proliferate indefinitely in culture, offer some benefits over primary cells. They are
more homogeneous and consistent, easier to maintain and manipulate, and more readily
available and cost-effective. Some of the selected studies utilized immortalized cell lines,
including the well-established preosteoblasts from rat calvaria MC3T3-E1 and the human
osteosarcoma cell lines Saos-2, MG-63, and U20S (Table 4).

The majority of the selected articles investigated cells in monoculture. A single excep-
tion is the study by Dohle et al. [29], which employed a co-culture of outgrowth endothelial
cells (OECs) and primary osteoblasts (pOBs) exposed together to injectable PRF. The au-
thors presented evidence that i-PRF may have a positive effect on wound healing processes
and the angiogenic activation of endothelial cells, as the expression of E-selectin, ICAM-1,
VEGF, and ALP was significantly higher in the exposed cells. OECs are a subpopulation of
endothelial progenitor cells (EPCs) that have high proliferative and angiogenic potential,
which have been already shown to interact with osteoblasts in a positive manner, enhancing
osteogenic differentiation and increased mineralization. Additionally, osteoblasts secrete
IL-8, which enhances the migration, survival, and expression of angiogenic factors and
matrix metalloproteinases [92]. In this context, identifying that PRF may enhance these
interactions may provide an interesting tool for bone tissue engineering.
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Five studies investigated more than one cell type with the same methodology, even
though not in co-culture, providing data that allowed us to identify some cell type-specific
differences in the response to PRF preparations. The study by Dohan Ehrenfest et al. [28]
was one of the first identified assessing different responses to L-PRF by exposing gingival
fibroblasts, dermal prekeratinocytes, preadipocytes, and maxillofacial osteoblasts. The
results showed that PRF continually stimulates proliferation in all studied cell types, but
this stimulation was stronger and dose-dependent in osteoblasts, while it was observed only
on day 14 with fibroblasts. Adipocytes and prekeratinocytes also differed by presenting
increased metabolic activity (as detected by mitochondrial activity) and were probably
related to different regulations of metabolism in these cells. Clipet et al. [27] also compared
human osteoblasts (Saos-2), fibroblasts (MRC5), and epithelial (KB) cell lines. Similar
to the findings of Dohan et al., while PRF increased the proliferation of all cell types,
the effects were more evident in osteoblasts at shorter experimental times. Gassling
et al. [35], 2009, also compared the exposure of human osteoblasts, human fibroblasts,
and human osteoblast-derived osteosarcoma cells (Saos-2) to PRF, assessing their effects
not on proliferation but on the induction of the release of growth factors by these cells.
While growth factors could be detected in all of the samples, fibroblasts secreted lower
levels of PDGF-AB, PDGF-BB, IGF-1, and TGF-£81 than osteoblasts, especially those derived
from osteossarcoma, suggesting increased paracrine activation by PRF in transformed
cells. A similar pattern was also observed in the study by Kardos et al. [47], 2018, where
mesenchymal stem cells presented higher rates of proliferation when exposed to fresh or
lyophilized PRF samples compared to gingival fibroblasts. However, a recent study by
Al-Maawi et al. [18], 2022, comparing different centrifugation protocols for PRF production,
including L-PRF and H-PREF, reported relatively higher effects on the viability, proliferation,
and adhesion of primary human dermal fibroblasts compared to osteoblasts. The very
different methodologies employed impair the comparisons of these studies, but it is possible
that the size of the effects of PRF on fibroblasts may be influenced by their tissue of origin,
as fibroblasts from different anatomical sites may have distinct phenotypic and functional
characteristics.

In the selected studies, different biological markers were observed that point to the
molecular effects of PRF in cell differentiation and mineralization events (Table 2), de-
pending on the cell type, including the expression and secretion of alkaline phosphatase,
sialoproteins and sialophosphoproteins, type 1 collagen, osteocalcin, ostepontin, bone
morphogenetic protein-2 (BMP-2), and the regulation of the transcription factors osterix
and Runx2, which will be further discussed below.

Table 4 shows that a considerable proportion of the selected studies (n = 19, 25%)
investigated the association of PRF with other compounds or materials in order to produce
bioactive composites for different applications, which is a trend in the development of
advanced, smart materials. These associations, which will be further discussed, include
polymers (polycaprolactone meshes, chitosan/gelatin, polyvinyl alcohol/sodium alginate
composites, PEG/PLGA copolymers), cements (MTA), calcium phosphates (nHA radiopaci-
fiers, BCP, TCP), and allogenic or xenogeneic materials, including dentin chips and bovine
bone substitutes. The myriad of methodologies and proposals impair the comparison of the
relative performance of these materials between studies, and only a few of them included
intra-study comparisons. Most of the studies indicated that the associations contribute to
achieving the specific expected outcome, with increased cell response to PRF-containing
composites, either by increased attachment, proliferation, or differentiation. As an excep-
tion, the study by Kyyak et al. [52] presented comparative evidence that the association of
i-PRF with a xenogenic bone substitute material (XBSM) is less bioactive, promoting lower
osteoblastic activity than allogenic bone substitute material (ABSM) associated with i-PRF.
Nevertheless, further studies by Kyyak et al. [53] indicated that sintering XBSM samples
under high temperatures could increase osteoblast viability and metabolic activity. Fur-
thermore, Nguyen et al. [64] described that XBSM associated with other PRF types (A-PRF)
enhanced human ligament stem cell proliferation and migration, even without sintering.
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4. Discussion
4.1. Protocols for PRF Production and Preservation

As indicated in Table 3, apart from the classical Choukrun’s L-PRE, other production
protocols were also identified in the selected studies. These platelet concentrates differ not
only in their preparation methods but also in mechanical properties, degradation rates,
and growth factor release profiles, resulting in possible differences in the response of
mineralizing cells after exposure. In this regard, a few studies compared such differences,
with interesting findings that will be discussed below.

The study by Marchetti et al. [62] compared L-PRF with two other autologous bio-
materials: concentrated growth factors (CGFs) and autologous platelet gel (APG). The
authors reported stronger stimulation of the proliferation of human periodontal ligament
fibroblasts (HPLFs) by CGFs compared to L-PRF and correlated these effects with the
different secretion profiles of growth factors by these materials.

Verboket et al. [77] used the low-speed centrifugation concept, reducing the centrifugal
force in the production of L-PRF to produce a membrane with a higher concentration of
cells and growth factors. The study compared the protocols of PRF medium-RCF (1300
RPM for 8 min) and PRF low-RCF (700 RPM for 3 min). Although there was significant
heterogeneity between the protocols to produce platelet aggregates and experimental
design, the positive effects observed on proliferation, differentiation, and mineralization
were rather similar between the protocols.

Fernandez-Medina et al. [34] compared the biological activity of A-PRF and i-PRF,
along with two PRP protocols. After 21 days, i-PRF induced superior mineralization by
human primary osteoblasts compared to the other materials, while A-PRF presented a
negative impact at high concentrations, which was related to increased cytotoxicity. Despite
its low content in growth factors, the author concluded that i-PRF was the best candidate
for bone tissue engineering applications and was probably related to the prolonged release
of BMP-2 by this material. Esmaeilnejad et al. [33] also investigated the effects of A-PRF,
this time compared to classic L-PRF, on the cellular activity of MG-63 osteosarcoma-derived
osteoblasts. Their findings indicate that L-PRF induced higher proliferation than A-PRE,
while the latter was only capable of inducing in vitro mineralization at the employed
experimental conditions, suggesting positive but very different effects of these materials.
The study by Kosmidis et al. [50], on the other hand, investigated the effects of A-PRF,
L-PRF, and i-PRF on the osteogenesis of the human osteoblast-like U20S cell line. Similar
to the findings by Esmaeilnejad et al. [33], A-PRF induced more mineralization and calcium
production. i-PRF induced more ALP activity, suggesting it has the potential to enhance
early cell differentiation.

Lourengo et al. [13] suggested using swing-out rotors instead of fixed-angle centrifu-
gation to produce a product similar to L-PRF. According to some authors, the process
known as H-PRF (platelet-rich fibrin produced through horizontal centrifugation) allows
for a greater number of live cells and growth factors to be distributed more evenly in the
final product. Al-Maawi et al. [18] compared the effects of PRF products produced by
fixed-angle and horizontal centrifugation over osteoblast behavior, identifying very similar
effects on proliferation and viability, with increased cell adhesion in the fixed-angle group.
These results indicate that very similar materials may be produced with different centrifuge
types, as long as the g-force is standardized.

The study by Li Q et al. [55] included physical modifications in the PRF protocol
to increase shelf life, such as freeze-drying membranes. Their results indicated that the
proliferation and migration of periodontal progenitors were increased with exposure to
lyophilized PRF compared to fresh PRF, which was probably due to increased porosity and
the release of growth factors from the processed membranes. Kardos et al. [47] also analyzed
PRF membranes in different presentations (fresh, frozen, and freeze-dried) compared
different centrifugation protocols (1700 RCF in 5 min and 8 min) and the use of modified
tubes (single-syringe closed system—hypACT Inject Auto). Living cells were observed only
in fresh PRF membranes, while freezing induced, as expected, the disruption of leukocytes

65



J. Funct. Biomater. 2023, 14, 503

embedded in the PRF membrane. However, MSCs were reported as proliferating even
faster over freeze-thawed PRF than over fresh samples, suggesting the adequacy of such
a procedure.

Liu et al. [59] proposed the combination of fresh and lyophilized PRF at different
ratios, tailored for different delivery rates of GFs in tissue healing. Their findings indicate
a significant increase in proliferation and differentiation of BMSCs exposed to eluates of
different combinations, with the best results achieved a fresh/lyophilized PRF ratio of
1:1. A subsequent study by the same group [60] proposed the use of a natural crosslinker
agent, genipin, derived from gardenia flowers, to increase the stability and controlled
release of growth factors by lyophilized PRF. Genipin-modified lyophilized PRF presented
better biomechanical properties, slower biodegradation, and sustained release of growth
factors, promoting the proliferation of pulp stem cells from human exfoliated deciduous
teeth (SHEDs).

Isobe et al. [44] added the anticoagulant formulation acid citrate dextrose solution-A
(ACD-A) in blood samples, with the objective of enabling its storage for later production
of PRE. Its coagulation was obtained by the addition of CaCl, (showing similarities with
the protocol of PRP production), without a significant reduction in its bioactivity. This
method tends to improve the flexibility of successful PRF preparations, and the quality of
membranes prepared from whole blood samples were stored for up to 2 days.

4.2. Association of PRF and Other Materials/Compounds

Several of the selected studies investigated the association of PRF with other agents,
including biomaterials, scaffolds, bioactive compounds, and ions, as described in Table 4.
Irastorza et al. [43] investigated the use of L-PRF as a biomimetic coat of titanium implant
surfaces, aiming for improved osteointegration. When combined with hDPSCs (human
dental pulp stem cells), the material induced both proliferation and osteogenic differentia-
tion of stem cells. The study by Steller et al. [73] also assessed the use of PRF coating over
titanium implants, this time to reverse the negative effects of a bisphosphonate (zoledronic
acid) over osteoblast attachment to the implant surfaces. Indeed, zoledronic acid led to a
decrease in osteoblast adherence onto the implant surface, but it was reversed by a previous
coating with L-PRF, suggesting that PRF may contribute to bone apposition in dental
patients undergoing bisphosphonate treatment. Furthermore, L-PRF acted directly on the
viability, migration, and proliferation of osteoblasts and fibroblasts treated with zoledronic
acid [74].

Song et al. [72] explored the effectiveness of 3D-printed biphasic calcium phos-
phate/PVA scaffolds combined with PRF using a straightforward low-temperature method.
These scaffolds demonstrated impressive biological activity and biocompatibility in vitro.
When implanted into critical bone defects in a rabbit’s radius, the inclusion of PRF encour-
aged proper bone regeneration and repair by providing osteoconductive and osteoinductive
stimuli [72]. Similarly, Sui et al. [75] proposed the production of 3D-printed L-PRF scaf-
folds composed of chitosan (CS)-hydroxyapatite (HAP) associated with lyophilized PRF.
MC3T3-E1 murine preosteoblasts presented increased proliferation over the composite
scaffold after association with PRF. The proliferation of preosteoblasts into the scaffolds
increased with the release of GFs, indicating that L-PRF remains bioactive even after 3D
printing. Zhang et al. [86] fabricated a complex, multifunctional triple-layered composite
scaffold including polycaprolactone/gelatin (PG) nanofiber films made by electrospinning,
chitosan/poly (y-glutamic acid)/hydroxyapatite (CPH) hydrogels, and platelet-rich fibrin
(PRF). The resulting scaffold presented induced the proliferation of both fibroblasts and
bone mesenchymal stem cells (BMSCs) and also induced osteogenic differentiation in the
latter. Other calcium phosphates, such as tricalcium phosphate (TCP), also presented
interesting outcomes after association with PRF, as reported by Wong et al. [81], where the
composite presented a controlled release of bioactive factors with the increase in osteoblast
attachment, cell proliferation, migration, and ECM formation.
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Dentin, known for its bone-inducing properties, fuses and is gradually replaced by
bone when grafted into it. This is likely due to its osteoinductive properties, biocompati-
bility, and BMP content [93]. In a study by Ji et al. [45], after seven days of coculture with
PRF and a treated dentin matrix, BMSCs exhibited increased expression of BSP and OPN
mRNA, while PDLSCs showed higher expressions of BSP, OPN, and OCN. Mahendran
et al. (2019) [94] combined PRF with dentin chips and nanohydroxyapatite to enhance
radiopacity, creating a biocompatible structure that promoted cell proliferation as a mitogen.
Girija and Kavitha [39] compared the combination of PRF with 50 wt% of radiopacifier
nanohydroxyapatite (nHA) or with 50 wt% dentin chips and their effects on odontoblastic
differentiation. While both materials increased the expression of dentin sialophosphopro-
tein (DSP) and dentin matrix protein-1 (DMP-1), there were two important extracellular
matrix proteins involved in the differentiation and mineralization of human dental pulp
cells (HDPCs), and exposure to PRF + 50 wt% nHA induced more mineralization nodules
in these cells.

Zheng et al. [88] found that when developing a combination of PRF with a poly-
polyethylene glycol (PEG)-PLGA copolymer, the hydrogel was evenly distributed on the
inner surface of the PRF scaffolds. The hydrogel did not impact the inherently high porosity
of the PRF scaffolds. A system containing nHA /PLGA /Gel/PRF allowed for a slow and
sustained release of PRF-derived growth factors, leading to increased adhesion and the
proliferation of MG63 human osteoblasts.

HDPCs treated with mineral trioxide aggregate (MTA) and PRF extracts exhibited
a significantly increased expression of dentin sialoprotein and dentin matrix protein-1
along with enhanced ALP activity and mineralization compared to MTA or PRF treatment
alone. The MTA and PRF extracts together activated bone morphogenic proteins (BMPs),
while the BMP inhibitor LDN193189 diminished dentin sialophosphoprotein and dentin
matrix protein-1 expression, ALP activity, and mineralization enhanced by MTA and PRF
treatment [83].

In the study by Blatt et al. [22], four different bone substitute materials (allogeneic,
alloplastic, and two of xenogeneic origin) were associated with a combination of A-PRF and
i-PRF. The addition of PRF increased cell proliferation and migration for all bone substitutes,
but only the allogeneic and alloplastic materials significantly increased Runx2 expression
in human osteoblasts. On the other hand, bone morphogenic protein was expressed
significantly higher when xenogeneic material was combined with PRE, suggesting that the
biofunctionalization of bone substitutes with PRF might improve their performance, even
for materials of different origins.

4.3. Cell-Type Related Effects of PRF

PRF possesses significant proliferative potential due to its fibrin structure, which
contains live leukocytes and activated platelets. This promotes the continuous release of
growth factors such as FGFs, PDGFs, TGF-betal, and VEGFs. These factors act through spe-
cific signaling pathways, including MAPK and PI3K/Akt, which modulate gene expression
and osteoblast proliferation and survival [94].

Gingival stromal progenitor cells (GSPCs) are a population of mesenchymal stem cells
derived from the gingival connective tissue that have been shown to possess multipotent
differentiation capacity, including osteogenic, adipogenic, and chondrogenic lineages. The
study by Nugraha et al. [67] investigated the effects of PRF on the osteogenic differentiation
of GSPCs, identifying a role of the Cbfal/Sox9 expression ratio in this process, as it
positively correlated with the osteogenic markers and the mineralization of GSPCs. Later,
another study by this group [69] showed that PRF also increased the expression of aggrecan,
a chondrogenic differentiation marker that has a significant role in the early stage of
osteogenic differentiation of gingival stem cells, which may contribute to accelerating bone
remodeling with an increased expression of alkaline phosphatase and osteocalcin [67,68].

Bone marrow stem cells (BMSCs) are multipotent progenitor cells with regenerative
potential for various tissues, including bones [95]. In the selected studies, these cells ex-
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hibited increased proliferation when combined with PRE, irrespective of direct or indirect
exposure [12,28,30,38,47,60]. These results not only provide evidence for the potential
clinical success of PRF but also lay the foundation for its further use in bone tissue en-
gineering. Although BMSCs are widely used in cell therapy, one of the main challenges
is ensuring their efficient migration and homing to target tissues following systemic or
local administration. The proliferative effects of PRF on BMSCs, combined with their other
properties, such as biocompatibility, biodegradability, mechanical strength, porosity, and
potential for vascularization [96], could help overcome the limitations of conventional
injection-based delivery of BMSC single-cell suspensions and enhance their retention and
engraftment in injured tissues. The results by Cheng et al. [25] regarding the exposure of
BMSCs to L-PRF also provided some insights into its effects when combined with environ-
mental factors, such as exposure to hydrostatic pressure, a mechanical stimulus that plays
an important role in bone formation. In this sense, the co-culture of BMSCs with L-PRF
reversed the activation of Wnt/Ca?* signaling in BMSCs under hydrostatic pressure, with
an increased expression of chondrogenic differentiation markers, suggesting a modulation
of the differentiation pathways by the released growth factors from PRF.

Human adipose stem cells (hASCs) are a type of mesenchymal stem cell (MSC) that
can be isolated from adipose tissue and have the potential to differentiate into various
cell types, including osteoblasts. This complex process involves multiple factors such
as growth factors, signaling pathways, transcription factors, and epigenetic modifica-
tions [97]. hASCs are attractive for regenerative medicine applications because they are
autologous, abundant, and easily accessible. However, various factors like age, disease,
and culture conditions can influence the proliferation and differentiation capacities of
hASCs. Consequently, enhancing hASC proliferation is crucial for their clinical use. Hu-
man ASCs exhibited increased proliferation when exposed to different concentrations of
PREF eluates [54]. Platelet-derived growth factor (PDGF-BB), one of the main growth factors
secreted by PRF, has been shown to be a potent mitogen for hASCs [97]. It induces multiple
signaling pathways such as ERK1/2, PI3K/Akt, and JNK, which regulate various cellular
processes, including cell cycle progression through the expression of cyclins D1 and E.
Previous studies have demonstrated that hASC proliferation may be blocked by inhibitors
of the PDGF receptor tyrosine kinase, ERK1/2, and Akt, but not by a p38 inhibitor. These
results suggest that the proliferation of hASCs through platelet concentrates, like PRF, may
be mediated by the PDGF-BB-induced activation of ERK1/2, PI3K/Akt, and JNK signaling
pathways.

Apical papilla stem cells (SCAPs) are mesenchymal stem cells found at the root tip
of developing teeth. They play a crucial role in root formation and dentin—-pulp complex
regeneration. SCAPs secrete various bioactive factors that can modulate their microenviron-
ment and influence tissue repair and regeneration [86], including some involved in forming
bone-like tissue. The present search revealed that SCAPs exhibited increased proliferation
when exposed to PRF eluates [23,37]. These findings are promising for developing stem
cell-based bone therapies combining PRF and SCAPs, with the feasibility of transplantation
in treating bone defects already demonstrated in animal models.

Another type of mesenchymal stem cell investigated in association with PRF is one
that resides in the periodontal ligament, a connective tissue that anchors the tooth to the
alveolar bone. Periodontal ligament stem cells (PDLSCs) have demonstrated osteogenic
potential, meaning they can differentiate into osteoblasts and produce the bone matrix,
playing a vital role in periodontal tissue regeneration and bone repair [98]. These cells ex-
hibited proliferation when co-cultured with PRF [68,80] or after exposure to eluates [70,80].
These effects may contribute to the reported success in improving the regenerative poten-
tial and healing of PDL tissues presented by PRF in cases of late dental replantation or
intraosseous defects.

Dental pulp stem cells (DPSCs) are also mesenchymal stem cells present in the den-
tal pulp tissue of human teeth and have the potential to differentiate into osteoblasts,
odontoblasts, adipocytes, and neural cells. DPSCs have been shown to promote wound
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healing, bone regeneration, nerve regeneration, and pulp regeneration in animal models
and clinical trials. DPSCs offer a promising source of autologous stem cells that can be used
for tissue engineering and the cell therapy of dental and oral diseases. In this sense, several
selected studies assessed the exposure or association of DPSCs with PRF. Huang et al. [42]
showed that L-PRF increases the proliferation and differentiation of human DPSCs [38].
The study by Bagio et al. [19] evidenced that A-PRF induces an increase in the expression
of VEGF-A by these cells, which is an important factor in the angiogenesis process in
dental pulp regeneration. More recently, Zhang et al. [87] have shown that i-PRF eluates
induce a dose-dependent increase in the proliferation of hDPSCs and the expression of
osteo-/odontoblastic differentiation markers and key proteins in the Notch signaling. This
is a key pathway that regulates the fate and function of DPSCs, modulating the balance
between self-renewal and differentiation, along with their angiogenic properties for tissue
regeneration and repair. Lo Monaco et al. [61] exploited these effects by proposing the
association of DPSCs with L-PRF for the treatment of osteoarthritis, as these cells can
undergo chondrogenic differentiation and secrete growth factors associated with tissue
repair. Indeed, the association with PRF promoted in vitro chondrogenesis and stimulated
the survival of articular chondrocytes.

Osteoblasts are bone-forming cells that secrete extracellular matrix proteins supporting
bone tissue formation and mineralization. These cells are derived from various progenitor
populations, such as mesenchymal stromal/stem cells (MSCs), with their differentiation
influenced by molecular mechanisms including signaling pathways, transcription factors,
and epigenetic events [11]. Osteoblasts produce and respond to the main growth factors
stimulating bone formation and are typically released by PRF and its derivatives. The
present search found evidence that primary human osteoblasts and murine MC3T3-E1
preosteoblasts exhibit strong proliferative responses to PRF [12,22,33,35,43,45,48,49,76,80].
However, it is important to note that human osteosarcoma cell lines SaOS, MG63, and U20S
also showed consistent proliferative behavior after exposure to PRF [17,23,27,29,55,60,61,72,77,83].
This finding warrants further assessment and should be considered by clinicians for its
potential risk of stimulating cancer cell growth and dissemination by creating a favorable
niche for tumor development.

Due to the good cell response to PRF, some authors proposed the use of this material
as a scaffold for bone cell therapy. It includes the proposal by Gassling et al. [35,38] for the
use of PRF for periosteal tissue engineering, who reported an increased proliferation of
periosteal cells [35] and human osteoblasts [38] over PRF compared to collagen scaffolds
(Bio-Gides). As expected, PRF also promoted increased expression of osteogenic markers
in osteoblasts compared to commercial collagen scaffolds.

In summary, the in vitro evidence from the selected studies highlights a robust effect
on the proliferation of different cell types as an essential aspect of the clinical potential of
PRF in treating bone and other mineralized tissues.

4.4. The Molecular Effects of PRF on Differentiation and Mineralization

Bone regeneration is a complex process involving the interaction of cells, growth
factors, and the extracellular matrix. Clinical studies have described PRF as effective
in oral and maxillofacial bone regeneration, increasing the amount of bone formation
following procedures such as sinus floor elevation [99]. The molecular effects of PRF on the
differentiation and mineralization of bone cells may involve various intracellular signaling
pathways, as evidenced by the selected studies in this review and the summary in Figure 3.

The mitogen-activated protein kinase (MAPK) pathway is a cell signaling route that
regulates numerous biological processes, including cell differentiation. Among the MAPKSs,
ERK1/2 plays a crucial role in osteoblast differentiation by regulating the expression of
osteogenesis-related genes [90]. The phosphorylation of ERK was increased by exposure
to PRF in the osteosarcoma-derived osteoblast cell line U20S [23,100]. Consequently, the
expression of osteoprotegerin (OPG) was upregulated by PRF, while the expression of the
receptor activator of NFkB ligand (RANKL) was not significantly altered. These results
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suggest that PRF could inhibit osteolytic activity by modulating osteoclastogenesis through
the control of the OPG/RANKL ratio in osteoblasts [23,100].
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Figure 3. Main biological events involved in the response of mineralizing cells to PRF, according to
the literature evidence. Several growth factors and important mediators are released in the medium
by PRF (1), many of which are able to activate mitogen-induced signaling pathways (2), which
are known to modulate the expression of transcription factors, such as Runx2 and osterix, directly
involved on bone cell differentiation (3). These transcription factors are responsible for the altered
expression and secretion of different proteins responsible for the formation of the mineralized matrix
and the control of osteoclastogenesis (4). Furthermore, exposure to PRF may induce increased
secretion of growth factors, such as BMP-2, VEGE, or IGF (5), indicating that exposed cells may also
be activated by paracrine regulation in response to PRF. All of these processes result in increased
nodule formation and, therefore, biological mineralization (6). In the figure, an arrow indicates
activation/stimulation, while a perpendicular bar indicates inhibition/suppression.

The Runt-related transcription factor 2 (Runx2) is a key transcription factor that regu-
lates the expression of genes involved in osteoblast differentiation and function. Research
has demonstrated that various members of the MAPK family, including ERK1/2 and p38,
can phosphorylate Runx2 at specific serine residues, enhancing its transcriptional activity
and promoting osteogenic gene expression [101]. As a result, ERK1/2 and Runx2 are
connected by a positive feedback loop that stimulates osteoblast differentiation and bone
formation. In selected studies, a significant increase in the expression and/or phosphory-
lation of Runx2 was detected after exposure to platelet-rich fibrin (PRF) in different cell
types [30,51-53,66,74,86]. The studies by Wang et al. [80,81] confirmed, with both human
bone marrow and rabbit mesenchymal stem cells, that exposure to PRF preparations in-
creases proliferation, the expression of osteogenic markers, and in vitro mineralization
concomitant to the upregulation of the ERK 1/2 signaling pathway.

Additional evidence of these regulatory pathways comes from investigations of osterix
(Osx), a zinc-finger transcription factor essential for osteoblast differentiation and bone
formation in bone homeostasis [102]. Osx is a downstream target of Runx2 and regulates
several target genes involved in osteoblast differentiation, such as Col5al, Col5a3, and
connexin43 (Cx43). Osx is controlled by multiple signaling pathways, including BMP,
Wnt, FGF, and ERK1/2, which modulate its transcriptional activity and stability [103].
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Data from a study by Li et al. [56] suggest that osterix levels significantly increase in
periodontal ligament stem cells treated with PRF and IGF-1 at 14 days compared to the
control group (p < 0.01). Furthermore, by the third day of exposure, the expression of genes
controlled by Osx was upregulated in the PRF-exposed group. These findings imply that
these transcription factors contribute to the stimulation of osteoblast differentiation by PRF,
potentially through the activation of MAPKSs in response to growth factors released by this
autologous biomaterial.

The overexpression of Osx and Runx2 after exposure to PRF could potentially impact
several essential proteins for osteoblast maturation and mineralization, whose expression is
regulated by these factors, including collagen type-I al (Collal), osteonectin, osteopontin,
bone sialoprotein, and osteocalcin. Osteocalcin is responsible for fixing calcium and
hydroxyapatite in the extracellular matrix, contributing to the effective mineralization
that occurs in bone tissue [104]. Molecular analyses through real-time PCR have shown a
significant increase in RNA expression for osteocalcin in various mineralizing cells exposed
to PRF [26,43,63,68,73,79]. These findings were reinforced by a functional assessment by
western blotting, indicating increased levels of this protein in periodontal ligament stem
cells, which is associated with increased bone formation in a rat in vivo model [30].

Different studies have reported that PRF also induces increased expression of dentin
sialoprotein (DSP) and dentin sialophosphoprotein (DSPP) [24,77], which are enhanced
in the presence of lipopolysaccharide [47]. The results by Hong et al. [41] suggest that
this effect is dependent on the duration of exposure, as the expression level of DSPP
was downregulated after incubation in PRF for 7 days and then significantly increased
after 14 days of incubation. Bone sialoprotein (BSP) is also reported to increase when
cells are exposed to PRF, primarily around 14 to 21 days [24,30,39,43,63]. Only human
periodontal ligament stem cells had DSPP downregulated when co-cultured with PRF over
extended experimental periods [81]. These results are important since this non-collagenous
protein plays a crucial role in the biomineralization of hard tissues, such as bones and
teeth, inducing the formation and growth of hydroxyapatite crystals in the extracellular
matrix [104].

Osteopontin is another phosphorylated glycoprotein secreted into the mineraliz-
ing extracellular matrix by osteoblasts during bone development. Although osteopon-
tin is an osteogenic marker that does not affect the cellular development of osteoblasts
in vitro, it impacts the mineralization of bone tissue [105]. Various studies have shown
that this osteogenic marker is present and highly expressed after exposure to PRF in os-
teoblasts [20], dental pulp cells [79], and mesenchymal stem cells (MSCs) [73]. Real-time
PCR revealed that bone marrow-derived mesenchymal stem cells (BMSCs) cultured on
printed BCP/PVA /PREF scaffolds expressed significantly higher levels of osteopontin on
days 7 and 14 compared to those cultured on other scaffolds (p < 0.05) [66]. Verboket
et al. [66] observed a higher expression in bone marrow cells exposed to a medium and low
RCF PREF, indicating that these protocols did not affect the expected effects of the material
on the expression of matrix proteins.

The increase in collagen gene expression induced by PRF was reported in several stud-
ies [27,69,75,78,79], typically around the 14th to the 21st day of exposure. Zhao et al. [88]
observed slight upregulation by PRF in a dose-dependent manner after 14 or 21 days of
culture (p < 0.01). In contrast, Ji B et al. [45] and Verboket et al. [77] did not observe a
significant difference in the expression of Col-11I, the primary type of collagen in bones,
between the control group and the test group.

ICAM-1 (intercellular adhesion molecule 1) is a protein that mediates cell—cell inter-
actions and plays a role in inflammation and immune responses. ICAM-1 is expressed
by various cell types, including osteoblasts, and it may have different effects depending
on the context [98]. In healthy individuals, ICAM-1 may facilitate osteoblast contact with
lymphocytes, enhancing mineralization and bone formation through the downregulation
of TGF-p31 (transforming growth factor beta 1), a negative regulator of osteogenesis. In
pathological conditions, such as osteoarthritis and osteoporosis, ICAM-1 expression by
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osteoblasts may be increased by proinflammatory cytokines and contribute to bone re-
sorption and loss of bone mass. ICAM-1-positive osteoblasts can adhere to osteoclast
precursors and stimulate their differentiation and activation through the osteoclastogenic
factor RANKL [106]. Moreover, ICAM-1-positive osteoblasts may have impaired prolif-
eration and differentiation potential due to cell cycle arrest [99]. When exposed to both
regular and low-speed PRF, Kang et al. [46] and Verboket et al. [77], respectively, observed
a high expression of ICAM-1 in mesenchymal stem cells, including in the presence of
lipopolysaccharide to stimulate inflammation. On the other hand, Dohle et al. [29] reported
that PRF appears to have no effect on the expression of the ICAM-1 protein by exposed
primary human osteoblasts. This is an important finding since PRF is described as releasing
considerable amounts of proinflammatory cytokines [13,107].

Alkaline phosphatase (ALP) is located on the outer surface of the cell membrane of
osteoblasts. ALP is an early marker of osteoblast differentiation that indicates the transition
of osteoprogenitor stem cells to immature preosteoblasts [102]. It plays an essential role in
osteoid formation and mineralization and is recognized as a nonspecific marker of bone
formation and osteoblast activity. ALP also regulates RUNX2, a master transcription factor
in osteoblasts, through a positive feedback loop that modulates osteoblast differentiation.
The present review identified several different studies assessing the effects of exposure
to PRF on the expression of ALP, with increased levels evidenced from 14 to 21 days of
culture [25,26,29,39,52,56,64,83,85]. The study by Woo et al. [83] observed that the effects of
PRF associated with MTA on ALP and the in vitro mineralization of human dental pulp
cells were impaired by pretreatment with a BMP inhibitor (LDN193189), indicating the
participation of specific growth factors in the effects of PRF on ALP.

Osteoblast and bone cell activity are regulated by various growth factors, many of
which are released by platelet-rich fibrin (PRF) membranes. Examples of these growth
factors include transforming growth factor-beta (TGF-beta) and fibroblast growth factors
(FGFs). Osteoblasts themselves can produce and release growth factors that regulate the
differentiation and activity of other bone cells, such as osteoclasts and osteocytes. These
factors include RANKL/OPG, M-CSF, VEGFs, PDGFs, and BMPs [12]. These growth factors
can act in paracrine or endocrine manners, influencing bone and systemic metabolism
by promoting or inhibiting the differentiation and function of various bone cells. When
exposed to PRE, osteoblasts engage in a complex cellular communication system involving
both the exposure and secretion of growth factors that impact bone tissue, as evidenced by
selected studies.

TGF-beta, a member of the TGF-beta superfamily of cytokines, regulates numerous
cellular processes such as proliferation, differentiation, migration, and apoptosis. TGF-
beta plays a significant role in bone formation and remodeling by influencing the balance
between bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts) [108]. TGF-
beta stimulates osteoblastic differentiation and activity by activating canonical and non-
canonical signaling pathways and increasing the expression of osteogenic genes like Runx2,
osterix, and collagen I in osteoblasts. Conversely, TGF-beta inhibits osteoclastogenesis
and osteoclastic activity by modulating the interaction between osteoblasts and osteoclasts
through OPG/RANKL, BMPs, and Wnt proteins, thereby affecting both aspects of the bone
remodeling cycle.

Studies have shown that osteoblasts exposed to PRF demonstrate increased production
of TGF-betal. For instance, Saos-2 osteosarcoma-derived osteoblasts exposed to PRF
exhibited significantly higher TGF-betal production [105]. Rat calvaria osteoblasts exposed
to PRF showed a time-dependent increase in TGF-betal production [48]. Human alveolar
bone marrow stem cells treated with PRF extracts exhibited increased TGF-betal levels at
24 h [46]. A study by Kim et al. [49] compared the release of TGF-betal associated with PRF
in osteoblast cultures exposed to PRF membranes produced by different protocols. The
results indicated that the secreted levels of the growth factor were significantly higher in
low-RCF PRF than in medium-RCF PRF (p < 0.05) [76]. However, lyophilized PRF samples
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only slightly increased the release rate of TGF-betal in another osteosarcoma cell line,
MG63 [85].

Bone morphogenetic protein 2 (BMP-2) is a multifunctional protein belonging to the
TGF-beta superfamily. It plays a crucial role in bone formation by stimulating the differ-
entiation of mesenchymal stem cells (MSCs) into osteoblasts. Osteoblasts and osteocytes
constitutively secrete BMP-2, which has been used as a therapy for bone fractures and
diseases, such as osteoporosis, due to its osteogenic potential [14]. Rabbit mesenchymal
stem cells exposed to PRF demonstrated a significant upregulation of BMP-2 mRNA ex-
pression, reaching levels that stimulate in vitro osteogenic differentiation [96]. Combining
1 mg/mL MTA with 1.25% PRF extracts increased BMP-2 expression in human dental pulp
cells compared to PRF extracts alone, while MTA treatment alone showed no release [83].
BMP-2 expression was also higher in the co-cultures of i-PRF and primary osteoblasts [29].

Saos-2 cells exposed to PRF exhibited noticeably higher peaks of insulin-like growth
factor-1 (IGF-1), especially compared to fibroblast cultures [105]. Human alveolar bone
marrow stem cells exposed to PRF extracts showed a high expression of IGE-1 [107],
similar to MG63 osteosarcoma cells and primary osteoblasts [66,76]. These findings are
significant since IGF-1 plays a crucial role in regulating osteoblast function and develop-
ment [108]. IGF-1 initiates a complex signaling pathway involving the PI3-K/PDK-1/Akt
and Ras/Raf/MAPK pathways, which stimulate cell function and/or survival. IGF-1 also
influences osteoclastogenesis by regulating RANKL and RANK expression.

The available data suggest that most of PRF’s effects on bone and mineralizing cells
may be attributed to the release of specific biological mediators that activate signaling
pathways related to cell proliferation, survival, and differentiation. Investigating the release
of growth factors, cytokines, and chemokines by PRF membranes could help understand
these effects. However, only a few selected studies have detected such release in their
in vitro assessments. Zhao Y-H et al. [88] observed a time-dependent decrease in VEGFs,
IGF-1, and EGF release from PRF membranes within five days. In contrast, Dohle et al. [29]
found the highest concentration of VEGFs in osteoblast supernatants mixed with PRF
cultured for seven days, confirmed by relative gene expression of VEGFs after 24 h of
osteoblast monocultures. Isobe et al. [44] observed that PDGF-BB concentration was
significantly reduced in extracts from PRF membranes made from stored blood compared
to fresh samples, indicating a potential drawback of long storage. Zheng et al. [89] observed
a sustained release of PDGF, IGF-1, and TGF-B1 for up to four weeks when combining
nHA/PLGA /gel with lyophilized PRF, which positively affected MG63 cell mineralization.
Studies evaluating platelet-derived growth factor (PDGF AA, AB, or BB) reported variations
in the day of the highest in vitro release [27,38,43], ranging from the 1st to the 14th days of
exposure. This suggests that the choice of extraction time may impact the observed effects
of PRF treatment.

5. Final Considerations

Due to the considerable relevance of the theme for regenerative medicine and dentistry,
several narrative and systematic reviews have been published issuing the clinical and
biological effects of PRF. Many of these reviews are focused on the level of evidence
supporting the use of PRF in regenerative dentistry and oral and maxillofacial surgery by
assessing randomized clinical trials [2], including data indicating that PRF significantly
improves bone tissue regeneration [109,110], regardless of recent reviews on preclinical
studies that failed to identify such effects on animal models [111]. Despite any clinical
controversies, only a few literature reviews visited the molecular and cellular evidence
of PRF effects and are usually restricted to smaller groups of in vitro studies focusing on
specific protocols, such as i-PRF [112]. An exception is the interesting review by Strauss
et al. [113], who assessed in vitro evidence of the biological effects of PRF in cells from
different tissues published up to 2018. However, unlike the present review, that study
was not focused on bone and mineralized tissues and had a limited reach, as it was based
on data retrieved from a single database (Medline). Therefore, more than an update on
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the literature, the present scoping review represents the most comprehensive mapping of
the available evidence supporting the molecular mechanisms that set the basis of the PRF
effects in the behavior of the cells of bones and mineralized tissues.

While this approach provided valuable insights, it also introduced some limitations.
By focusing exclusively on PRF, we ensured the feasibility and comparability of this review
but may have overlooked data on other similar platelet aggregates or protocols, such as
Concentrated Growth Factors (CGFs). Additionally, the scope of this review may be limited
by the interpretation or reporting of the data, as some studies may have omitted important
information necessary for a comprehensive understanding of the results. Nevertheless,
it is possible to state, through the raised data, that the literature consistently provides
in vitro evidence that PRF, produced by different protocols or in combination with other
biomaterials, influences the proliferation, differentiation, and mineralization of cells from
bone and mineralized tissue. These effects involve well-known pathways of cell survival,
the activation of transcription factors (Runx2, OSX), and the increased expression of various
proteins, including osteopontin, osteocalcin, collagen, ALP, BSPs, RANKL/OPG, and
growth factors like TGF-beta, PDGF, and BMP2. Different studies have associated these
effects with specific growth factors released by PRF, suggesting that this is an important
factor to consider in the development and improvement of these autologous biomaterials
for the treatment of mineralized tissues, such as bones.

PRF is widely used in regenerative medicine and dentistry, and in vitro models repre-
sent only a small aspect of wound healing and bone regeneration. As such, it is not possible
to guarantee that the reported results can be directly extrapolated to clinical settings. On
the other hand, improved in vitro proliferation, differentiation, and mineralization of os-
teoblasts may represent interesting evidence in support of enhanced regenerative activity,
osteoinductive properties, or enhanced osseointegration. Therefore, by gathering and
analyzing information related to PRF and mineralizing cells, we can gain a better under-
standing of the mechanisms behind PRF’s impact on bone regeneration and optimize its
properties and applications. This includes determining optimal concentrations, exploring
associations with other bone graft materials or drugs, and developing new production
protocols to improve clinical outcomes of this promising autologous material.
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Abstract: The process of tissue regeneration requires the utilization of a scaffold, which serves as a
structural framework facilitating cellular adhesion, proliferation, and migration within a physical
environment. The primary aim of scaffolds in tissue engineering is to mimic the structural and
functional properties of the extracellular matrix (ECM) in the target tissue. The construction of
scaffolds that accurately mimic the architecture of the extracellular matrix (ECM) is a challenging
task, primarily due to the intricate structural nature and complex composition of the ECM. The
technique of decellularization has gained significant attention in the field of tissue regeneration
because of its ability to produce natural scaffolds by removing cellular and genetic components
from the extracellular matrix (ECM) while preserving its structural integrity. The present study aims
to investigate the various decellularization techniques employed for the purpose of isolating the
extracellular matrix (ECM) from its native tissue. Additionally, a comprehensive comparison of these
methods will be presented, highlighting their respective advantages and disadvantages. The primary
objective of this study is to gain a comprehensive understanding of the anatomical and functional
features of the native liver, as well as the prevalence and impact of liver diseases. Additionally, this
study aims to identify the limitations and difficulties associated with existing therapeutic methods
for liver diseases. Furthermore, the study explores the potential of tissue engineering techniques in
addressing these challenges and enhancing liver performance. By investigating these aspects, this
research field aims to contribute to the advancement of liver disease treatment and management.

Keywords: decellularization; liver; tissue engineering; extracellular matrix; scaffold

1. Introduction

The field of tissue engineering has led to a considerable breakthrough in hepatic
decellularization. This has made it possible to generate functioning liver tissues, which
may have implications in transplantation as well as tissue regeneration. Decellularization
corresponds to the precise removal of donor liver cells, resulting in an acellular scaffold
that preserves the complicated three-dimensional architecture and extracellular matrix
composition of the organ [1-3]. This scaffold can then be repopulated with patient-specific
hepatocytes or hepatic stem cells, which could facilitate the construction of bioengineered
hepatic structures [4,5]. This novel strategy has the potential to address the organ donor
shortage and advance the understanding of issues pertaining to the liver, such as the causes
of various disorders and the corresponding therapeutic solutions [4,6,7].
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2. Anatomy of the Liver

The liver is the largest internal organ in the human body, accounting for about 2%
of the total body weight of an average adult. It is a wedge-shaped organ located just
beneath the diaphragm in the right hypochondrium, extending into the epigastric region to
reach the left hypochondriac region in the abdominal cavity [8]. Hepatic tissue consists of
two cell types: parenchymal cells called hepatocytes and cholangiocytes (biliary epithelial
cells) and non-parenchymal cells encompassing Pit cells, Kupffer cells, hepatic stellate/fat-
storing cells, and sinusoidal endothelial cells [9]. One of the primary roles of hepatocytes
is the secretion of proteins into the blood (albumin and clotting factors). Cholangiocytes
line the biliary tree’s ducts and interact with the hepatocytes via the canals of Hering.
Cholangiocytes create 30% of total bile flow and significantly interact with bicarbonate
and other molecules. Hepatic stellate cells are a storehouse for Vitamin A. Kupffer cells
are specialized macrophages capable of phagocytizing foreign materials, generating pro-
inflammatory cytokines, and presenting antigens. Located beneath the endothelial cells and
fibroblasts are the Pit cells, which account for a small proportion of the non-parenchymal
cell population and are natural killer cells [10,11]. The parenchymal cell population is
estimated to be around 80% of the hepatic tissue volume, while non-parenchymal cells
account for approximately 6.3% (2.8% endothelial cells, 2.1% Kupffer cells, and 1.4% stellate
cells) [12].

Being a highly vascular organ, the liver receives about 25% of the total cardiac output
and has a unique angioarchitecture with a dual blood supply from two afferent vessels.
The hepatic artery, arising from the celiac trunk, is responsible for 25-30% of the liver’s
blood supply, which is rich in oxygen. Contributing to the remaining 70-75% of blood flow
is the portal vein, formed by the junction of the splenic vein and the superior mesenteric
vein. Portal blood is enriched with monosaccharides and amino acids absorbed by the
intestine from the splanchnic circulation, but it also contains bile salts, bilirubin, and GI
hormones [8,13]. Toxins and metabolic waste are brought into the liver by the portal blood
for detoxification before this blood enters the systemic circulation.

The liver is divided, rather unequally, into two parts called lobes: a larger right lobe
and a smaller left lobe. Topographically, the falciform ligament demarcates the right lobe
from the left, but from a functional standpoint, this division is inaccurate. The medial part
of the left lobe is anatomically placed to the right of the falciform ligament, centered on
the anterior branches of the left portal vein [8,9]. Each hepatic lobe consists of numerous
lobules, which are the structural and functional units of the liver tissue. Figure 1 shows the
gross structure of the liver and its lobular architecture. Each lobule is constructed around
a central vein with rows of hepatocytes arranged in cellular plates radiating outwards,
forming a roughly hexagonal pattern. The lobules are surrounded by multiple portal triads,
which consist of a branch of the portal vein, a branch of the hepatic artery, and a tributary
of the bile duct [14]. Hepatic plates are typically two cells thick and are separated by small
bile canaliculi, which empty into bile ducts in the fibrous septa that separate adjacent liver
lobules. The fibrous septa also contain small portal venules that receive blood from the
portal vein. Hepatic cells are constantly in contact with portal venous blood. Interlobular
septa contain hepatic arterioles, which feed arterial blood to the tissues between the lobules.
Adjacent plates are divided by sinusoids, which are blood passages lined with endothelial
cells and contain the Kupffer cells [15]. The branches of the hepatic artery and portal vein
open into the sinusoids, while the sinusoids open into the central vein. Ultimately, the
central vein drains into the vena cava via the hepatic vein. Large pores in the endothelium
lining allow plasma substances to reach the space of Disse, which interact with lymphatic
vessels in the septa. The lymphatics drain excess fluid from these areas, and plasma proteins
can also diffuse into them [16,17].
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Figure 1. Liver architecture: (A) Illustration of the Macroscopic Liver Structure (B) Detailed Descrip-
tion of Liver’s Lobular Architecture, encompassing vascular and biliary elements (C) Microscopic
histological examination of liver tissue staining (D) composition and architecture of the Liver Lobule
structure [10].

A remarkable feature of the hepatic tissue is its regenerative capability in that the
organ can be restored completely even after significant tissue loss from partial hepatectomy,
where two-thirds of the liver tissue is lost or after an acute liver injury as long as it is not
aggravated by inflammation or viral infection [16]. After excision, the remaining liver
expands in mass upon the replication of hepatocytes, facilitated by the hepatocyte growth
factor (HGF), to compensate for the lost tissue. Once the original volume and size of the
liver are restored, the hepatocytes cease to replicate and revert to their usual dormant
state [18].

3. Functions of the Liver

The liver’s functions encompass a wide range of metabolic, detoxification, regulatory,
and synthesis processes, which are crucial for maintaining the body’s homeostasis [19].

3.1. Metabolic Functions

Through glycogenesis, the liver regulates glucose in the body by converting and
storing it in the form of glycogen. Certain aspects of lipid metabolism occur mainly in the
liver, such as the synthesis of cholesterol, essential lipoproteins, and triglycerides and the
oxidation of fatty acids via 3-oxidation, generating energy for cellular processes. The liver
also governs protein metabolism by synthesizing albumin, clotting factors, and globulins.
It also participates in the deamination of amino acids and removes toxic ammonia through
the urea cycle [20].

3.2. Bile Production

Bile is a fluid composed mainly of water, bile salts, electrolytes, phospholipids, biliru-
bin, and bile salts, among other substances. Produced by the hepatocytes, it helps excrete
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material that the kidneys do not eliminate and aids in the absorption and digestion of lipids.
Bile is secreted into the bile canaliculi, where it travels to the larger ducts to end up in
the duodenum or stored in the gallbladder. In the duodenum, it undergoes enterohepatic
circulation, where it performs its job in the bowel, and the bile components are expelled in
the feces [21]. The by-products after detoxification of drugs such as penicillin, sulfonamides,
erythromycin, and more are excreted from the body through bile [13,22].

3.3. Bilirubin Metabolism

Hemolysis represents the intricate process wherein red blood cells (RBCs), having
fulfilled their remarkable lifespan of 120 days, undergo breakdown. This degradation
occurs at multiple locations, including the spleen, bone marrow, and liver [13]. Heme is
broken down into biliverdin, which is reduced to unconjugated bilirubin. The unconju-
gated bilirubin is carried through albumin into the liver via the circulatory system. To
become hydrophilic, unconjugated bilirubin is conjugated via the uridine diphosphate
glucuronyltransferase (UGT) system in a phase II process. The newly conjugated bilirubin
is subsequently released into the bile canaliculi or dissolves in the circulation, where it is
filtered for elimination by the kidneys [23,24].

3.4. Other Functions

The liver regulates the synthesis of clotting factors and almost all the plasma pro-
teins of the body, such as albumin, protein C, and protein S, to name a few. Additionally,
the liver performs modification and excretion of hormones such as estrogenic, thyroxine,
cortisol, and aldosterone. The liver is also an important site of the body’s immune sys-
tem and immune-mediated damage induced by malignant, infectious, and autoimmune
stimuli [16,22].

4. Prevalence of Liver Diseases

Accounting for over 4% of deaths worldwide, liver diseases are the eleventh lead-
ing cause of mortality and the fifteenth leading cause of disability-adjusted life-years
(DALYs) [25]. Notably, out of the two million deaths attributed to liver-to-liver dysfunction,
two-thirds afflict men. Liver disease has the greatest impact on the young, as it stands 12th
top cause of DALY’s among individuals aged 25 to 49 years [26,27]. Cirrhosis is the most
prevalent chronic liver disease, characterized by the hepatic tissue being replaced by dense
scar tissue. This condition arises from recurring liver injury, necrosis, and inflammation,
with culprits including hepatitis B and C, alcoholism, and non-alcoholic fatty liver disease
(NAFLD) [11]. The consumption of alcohol elevates the risk of liver disease-related mor-
tality by a staggering 260-fold, cardiovascular mortality by 3.2-fold, and cancer mortality
by 5.1-fold. Notably, the number of deaths linked to NAFLD has witnessed a twofold
increase over the past three decades. In 2020, viral Hepatitis B and Hepatitis C caused about
1.1'million deaths. The global prevalence of acute and chronic liver diseases is expected to
increase significantly in the future [28].

To date, the ultimate remedy for addressing chronic liver diseases, particularly end-
stage liver disease, is orthotopic transplantation. In 2020, a total of 129,681 solid organs
were successfully transplanted across the globe, with liver transplants accounting for 25.1%
of these cases [27]. However, there is still a huge discrepancy between the number of pa-
tients awaiting liver transplantation and that of donors, and a substantial number of people
die while still on the waiting list. Furthermore, patients undergoing liver transplantation
are highly susceptible to post-surgical complications such as infections, while the long-term
effects include cardiovascular events, malignancies, and metabolic complications associated
with immunosuppressive therapy. Strategic pre-transplant work-up and post-operative
management are required in order to minimize the incidence of such complications, but it
is a highly challenging task [26,27,29]. These limitations associated with organ transplan-
tation necessitated the need for alternative therapeutic approaches such as cell therapy,
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bioartificial liver devices, organ-on-chip technology, and the bioengineering of hepatic
tissue in vitro using primary or stem cells seeded into three-dimensional scaffolds [30].

Over the past few years, significant progress has been made toward the utilization
of tissue engineering and regenerative medicine principles to restore liver functionality.
Liver tissue engineering aims to produce functional liver tissue seeded with hepatic cells,
followed by successful implantation into a patient with chronic liver disease [31]. Key
variables that must be optimized for a successful hepatic tissue graft include selecting
the optimal cellular sources, using the appropriate biomaterials for the scaffold, and
locating suitable implantation sites [32]. For fabricating scaffolds mimicking vasculature
and complex microarchitecture of the liver, bottom-up approaches such as 3D bioprinting,
bio-microelectromechanical systems (“bioMEMS”), and 3D molding have shown promising
results. However, it is challenging to accurately engineer macro-scale liver tissues using
bottom-up approaches because of their inability to recreate the liver-specific extracellular
matrix, its components, the controlled distribution, interconnectivity, and geometry of the
pores [10,30].

5. Decellularized Extracellular Matrix Scaffolds

Decellularized ECM scaffolds have attracted the attention of researchers because of
their biocompatibility properties, reduced risk of rejection due to the immune response, and
similar mechanical and chemical properties to that of the native tissue or organ [33]. Such
scaffolds are prepared using the decellularization technique, which involves the removal of
the cellular or nuclear components while preserving the structural and functional proteins
of the ECM. Cellular components and antigens are removed to prevent recognition by the
immune system and cause an inflammatory response [34]. The proteins are preserved
as they aid in cell adhesion, proliferation, and differentiation and also provide a natural
environment for the stimulation of cell growth and, therefore, serve as an ideal material in
tissue engineering [35-38].

The first successful account of liver decellularization was reported in 2004 when
the researchers specifically explored a decellularized, porcine, liver-derived biomatrix
as a bioresorbable scaffold for primary hepatocytes [39]. The research field has since
demonstrated that decellularization is a relatively superior method for acquiring natural
scaffolds compared to previous techniques, as it effectively preserves the native extracellular
matrix (ECM) of the decellularized tissue [32,40]. Liver decellularization aims to preserve
the major ECM components, including laminin, fibronectin, collagen type I, III, and 1V, and
proteoglycans.

Hepatic ECM

Most organs comprise comparable ECM components, although the concentrations
and ratios differ [41]. The ECM is composed of two structures that are morphologically
and biochemically different. They include the basement membrane and the interstitial
matrix [42]. The basement membrane forms thin acellular layers that connect the epithelium
to the interstitial matrix. The liver is characterized by a less dense basement membrane
facilitating easier diffusion between plasma and the organ [41,43]. It is primarily composed
of laminin, heparan sulfate proteoglycan (Perlecan), and collagen IV [5,44,45]. However,
it is found to be absent in the parenchyma and sinusoids of healthy livers [5,44,46-48].
The interstitial matrix of the liver is primarily composed of collagen and fibronectin. The
principal collagen types identified are Type I and Type III [5,47,49]. Figure 2 indicates the
principal components of the liver ECM.
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Figure 2. Schematic illustration of the major components of the hepatic ECM [50].

The liver ECM, accounting for 16% of the volume of the tissue, plays a vital role
in cell-matrix adhesion, creating the milieu essential for hepatocyte growth, regulating
tissue development, and the polarization of cells. ECM proteins trigger intracellular
signaling by interacting with cell adhesion molecules such as integrins. These molecules
play an important role in regulating cell differentiation, proliferation, migration, and gene
expression [51,52]. Hence, it is crucial that the engineered scaffolds effectively mimic the
innate microenvironment that supports the aforementioned phenomenon without eliciting
immune-mediated rejection.

Decellularization can be achieved by various physical, chemical, or enzymatic meth-
ods, and the resultant ECM scaffold is sterilized before implantation [53]. The sterilization
technique depends on the application considered, and it is performed either using irradi-
ation or exposure to certain chemical agents such as ethylene oxide, hydrogen peroxide,
etc. [54]. Subsequently, cells are embedded into the decellularized ECM, which serves as
a scaffolding to support the implanted cells, and this process is known as recellulariza-
tion [55]. In this review, we will focus on various decellularization procedures and provide
a detailed analysis of the most effective approach for decellularizing liver tissue.

6. General Decellularization Techniques

As previously stated, decellularization can be achieved either by chemical, physical,
or enzymatic means. Chemical and enzymatic methods are most often used to produce
decellularized matrices. The physical approach is used to complement the chemical and
enzymatic techniques, as it might have a damaging effect on the matrix. However, chemical
techniques may also produce a chemical reaction that might alter the chemical composition
of the ECM. Therefore, choosing the right decellularization protocol is necessary based
on the application [56,57]. Figure 3 outlines the numerous approaches for developing
decellularized extracellular matrix scaffolds.
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Figure 3. Various decellularization processes for the fabrication of acellular matrices [56,57].

6.1. Chemical Methods

Chemical decellularizing agents can be categorized into surfactants, acids, and bases,
of which surfactants are the most commonly employed chemical agents to achieve decellu-
larization [58].

6.1.1. Surfactants

Surfactants can be ionic, non-ionic, or Zwitter-ionic based on their charge [58]. Ionic
surfactants work by solubilizing the cytoplasmic components of cells and disrupting the
nucleic acids [59]. Sodium dodecyl sulfate (SDS) is the most commonly used ionic agent.
They were effective in the complete removal of cellular content. They also facilitated the
elimination of about 90% of host DNA. However, they also had detrimental effects on some
of the structural and signaling proteins in the ECM [56,58].

Non-ionic surfactants were relatively less strident than ionic decellularizing agents [58].
They cause disruption of the DNA-protein, lipid-lipid, and lipid—protein interactions [59].
The most commonly used non-ionic surfactant is Triton X-100. It was effective in preserving
the structural proteins and thereby maintained the integrity and mechanical properties
of the tissue [7,58]. However, it was inefficient in completely removing the cellular com-
ponents from the ECM [59]. It was observed that when employed in conjunction with
ammonium hydroxide, DNA elimination occurred to a large extent while the mechanical
characteristics of the tissue were also retained [58].

Zwitterionic surfactants exhibit the properties of both ionic and non-ionic surfac-
tants [59]. 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) is
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generally used. Due to the non-denaturing properties of CHAPS, it is highly efficient
in preserving the structural proteins of the ECM, such as collagen and elastin [58,60].
Vacuum-assisted decellularization (VAD) improves the ability of chemical agents to reach
the target tissues and thereby enhances the overall efficacy of the procedure [61]. This
response could be accounted for by the potential of negative pressures to drive reagents
into tissue structures [7,62]. By coupling a vacuum pump to a container housing, the
chemical solution, it is possible to create the negative pressures that serve as the driving
force of the reagents [62,63]. However, this is not necessarily a decellularization tech-
nique but acts as a facilitator and reduces the overall treatment time [64]. Additionally,
as indicated by certain research studies, this approach was able to diminish the genetic
material within the tissue with no adverse effects on the structural ECM proteins [64,65].
Nevertheless, it is recommended to maintain optimal vacuum duration and pressures
because certain studies have indicated disruption of collagen fibrils and increased porosity
under prolonged exposure to sub-atmospheric pressures, which corresponds to decreased
mechanical properties [33,64,66].

6.1.2. Acids and Bases

Acids cause the dissociation of nuclear DNA from ECM by disrupting nucleic acids and
solubilizing cytoplasmic contents [59]. On treatment with peracetic acid, it was observed
that the cells were not effectively removed, and the mechanical properties of the tissue,
such as stiffness, elastic modulus, and yield stress, were altered. It was observed that
the mechanical properties were enhanced, and therefore, this treatment cannot be used
for tissues where compliance and expandability are required. Peracetic acid was highly
corrosive and oxidizing in nature and, therefore, more often used as a sterilizing agent
than as a decellularizing agent [58]. Acetic acid caused the removal of collagen and thereby
reduced the overall mechanical strength of ECM; however, it did not affect the sulfated
glycosaminoglycans [67].

Treatment with an alkaline solution such as calcium hydroxide was efficient in the
removal of cellular and genetic material and also maintained the structural integrity of the
tissue. However, the addition of an alkaline solution resulted in swelling of the structure
due to the induction of a negative charge on collagen in the tissue, and this swelling caused
a reduction in the glycosaminoglycans and, thereby, its viscosity [58]. In addition to the
above-mentioned protocols, chelating agents such as ethylene glycol tetraacetic acid (EGTA)
and ethylenediaminetetraacetic acid (EDTA) can also be used in decellularization through
binding to divalent metal cations and thereby disrupting cell adhesion to ECM [59,68].
Alcohols such as methanol and ethanol can also cause decellularization by dehydration,
that is, by replacing the intra-cellular water and therefore disrupting the cell and reducing
the content of genetic material in the cell.

6.2. Enzymatic Methods

Enzymatic decellularization is often used in conjunction with other methods to assist
in the complete removal and degradation of cellular components and nuclear material,
respectively, from the ECM. Commonly used enzymatic agents include nucleases, trypsin,
collagenase, lipase, dispase, etc. Enzymatic agents such as DNases and RNases function
by catalyzing the hydrolysis of deoxyribonucleotide and ribonucleotide chains. Trypsin is
the most frequently used proteolytic enzyme to achieve decellularization. It has specific
activity on peptides and can have an undesirable effect on ECM components such as
collagen, elastin, and GAGs [69]. Therefore, it is usually employed in concert with chelating
agents like EDTA and EGTA to prevent undesirable damage to the structural proteins
in ECM [58,69]. Collagenase and dispase are scarcely used as they have a direct effect
on collagen fibers and may affect the ECM ultrastructure. Furthermore, they do not
cause the complete removal of cellular components from the ECM. Therefore, enzymatic
agents are generally employed in conjunction with other protocols to achieve effective
decellularization [69]. For instance, when SDS, Triton X-100, and peracetic acid /ethanol
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were used in combination with DNase, it resulted in the effective elimination of cells
and genetic material from the ECM while preserving the structural proteins. Thereby,
the decellularized matrix displayed similar mechanical properties to that of the native
specimen, with its vasculature, ultrastructure, and neural channels intact. The treatment
time is of utmost importance and must be carefully monitored since shorter treatment
periods may cause ineffective cell removal, while a longer treatment time may result in
reduced GAG, collagen, and elastin content [58].

6.3. Physical Methods

Physical techniques are not solely employed to achieve decellularization but are used
in conjunction with other chemical or enzymatic methods [56]. Some of the techniques
that are discussed in this article include freeze-thawing, mechanical loading, hydrostatic
pressure, ultrasonication, electroporation, perfusion, and supercritical fluid treatment [61].

6.3.1. Freeze-Thawing

This technique involves cell lysis by alteration of the temperatures between freezing
temperatures of about —80 °C and thawing temperatures of about 37 °C. The temperatures
to be maintained and the number of cycles to be performed may vary based on the ap-
plication. For instance, the decellularization of fibroblast cell sheets required three cycles,
while lumbar vertebrae cells required only one. The studies reported that collagen and
elastin were preserved, but about 88% of the DNA content was also maintained in the
fibroblast cells [58]. This proves that freeze-thawing cannot be performed solely as it is not
effective in removing the genetic material and, therefore, generally used in assistance with
other techniques. A study reported that freeze-thawing, along with using Triton X-100 and
sodium dodecyl sulfate detergents on large tendon cells, resulted in about a 20% decrease
in DNA content [61]. Thereby, this technique was efficient in preserving the structural
proteins; however, it is necessary that it is complemented with certain chemical actions to
facilitate effective decellularization.

6.3.2. Mechanical Loading

In this technique, some mechanical stress is applied to the tissues to induce cell
lysis. This method typically entails scraping with a sharp instrument to remove the
surface cellular components. Given that the underlying components are susceptible to the
mechanical force exerted, the amount of force applied should be precise enough [56,61].

6.3.3. Hydrostatic Pressure

This method involves the application of high hydrostatic pressures (HHP) to the tissues
to destroy the cell membranes. In some studies, an HHP of about 980 MPa was applied
to the porcine cornea for 10 min. It was observed that this treatment had been effective in
removing the cell contents; however, it failed to eliminate the nuclear remnants. Therefore,
this treatment technique was paired with DNase to completely remove the DNA remnants
and thereby prevent immune rejection [58,70]. Several investigations also demonstrated
that pressures above 320 MPa increased enthalpy, destabilizing collagen [71]. Very high
hydrostatic pressures applied for long durations also pose the problem of denaturing the
ECM proteins and altering the mechanical properties of the tissue [58,72]. Therefore, some
researchers have performed super cooling pre-treatment before HHP application to weaken
the cell membrane and prevent denaturing of tissue structures so that moderately high
hydrostatic pressure may suffice to cause effective decellularization [71].

6.3.4. Ultrasonication

High-frequency ultrasonic waves are used to achieve cell isolation by disrupting the
inter-molecular bonds and thus lysing the cell membrane. Low-frequency ultrasonic waves
can produce some undesirable mechanical effects, such as cavitation, which is associated
with bubble formation that may have a damaging effect on the structural and mechanical
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properties of the tissue [61,73]. Factors such as temperature, presence of dissolved matter,
and frequency of ultrasound waves also affect ultrasound cavitation [74]. This treatment
technique is collectively used with chemical agents such as SDS and CHAPS to achieve
effective decellularization and retain the structural proteins intact. One of the advantages
of this procedure is reduced treatment time while achieving high efficiency in the removal
of cellular and nuclear material [75].

6.3.5. Electroporation

This technique involves applying microsecond electrical pulses through tissue and
destabilizing the cell membrane potential, thereby forming nano-sized pores in the cell
membrane and ultimately causing cell apoptosis. Choosing the right electrical parameters
is crucial so that no thermal damage is caused to the other structures in the tissue. This
decellularization procedure must be carried out in vivo to prevent an immunological
response. Due to its non-thermal nature, it is observed that there is no denaturing of the
collagen and elastin molecules within the tissue, and the mechanical properties of the
matrix remain unaltered [61,76].

6.3.6. Perfusion

Perfusion involves the infusion of chemical agents through the vasculature, which
facilitates the removal of cellular and nuclear material. This treatment procedure also pre-
serves the ECM composition and architecture. However, the flow rate must be supervised
and controlled as it may damage the capillaries and other vessels [61,72].

6.3.7. Supercritical Fluid Treatment

Supercritical fluid possesses the properties of a normal liquid and a gas; that is, it has
a density similar to that of a liquid and a high diffusing capacity similar to a gas [61,77].
In a study involving the decellularization of the optic nerve, it was discovered that the
DNA content was reduced by 40% while the GAGs and other structural proteins remained
unaltered [77]. Generally, supercritical CO, is used because of its ability to be rapidly
removed from the tissue in addition to its non-toxic and non-flammable properties [61,72].

Therefore, it is evident that a variety of procedures may be employed to ensure that
the tissue is completely decellularized. A comparison of different methods and the most
common applications pertaining to each is illustrated in Table 1 (A-C).

Table 1. (A) A comparative study of the various decellularization procedures using physical methods
and their applicability to various tissues. (B) A comparative study of the various decellularization
procedures using enzymatic methods and their applicability to various tissues. (C) A comparative
study of the various decellularization procedures using chemical methods and their applicability to
distinct tissues.
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7. Suggested Methodology for Optimal Results in Liver Tissue Decellularization

Among the many techniques listed previously, perfusion-based decellularization is re-
portedly the most popular approach to decellularizing the liver. This technique involves the
delivery of chemical and enzymatic agents such as Triton X-100, SDS, EDTA, and others into
the portal or hepatic vein in order to efficiently remove cells and create acellular ECM scaf-
folds [104-107]. Certain studies have suggested that the process of freezing-thawing may
minimize the quantities of decellularization reagents required; nonetheless, cryoprotectants
are recommended to prevent any possible damage to the ECM microstructure [5].

Hepatic artery and portal vein cannulations were most frequently performed on rat or
porcine livers [108-111]. A cold NaCl solution and heparin were perfused via the vascular
system to remove any remaining blood from the liver [108,110]. The organ was then stored
at a temperature of about —80 °C until the decellularization procedure commenced. Prior
to starting the procedure, the cryopreserved liver was thawed at a temperature of about
4°C[108,110,111].

Following this, several studies demonstrated the use of chemical agents such as
Triton X-100 or SDS or a combination of both perfused via the hepatic artery or portal
vein [6,110-113]. This was typically carried out iteratively, with the specific chemical
detergent being administered initially and continuous perfusion being maintained for
around 2 h. The organ was also perfused with distilled water mid-cycle to remove any
residual agent and prepare for the next perfusion cycle [110,111]. Finally, the liver was
flushed with deionized water and phosphate-buffered saline (PBS) to remove the remnant
detergents [110-113]. A schematic representation of liver decellularization by perfusion is
shown in Figure 4.
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Figure 4. Schematic representation of perfusion-induced liver decellularization. Human livers unfit
for transplantation are surgically separated into left lobes or utilized whole (a,b). Perfusion enables
lobes or whole organs to become cannulated and decellularized (c) after decellularization the liver
cells are dissected by scalpel (d).The studies of biocompatibility and bioengineering were analyzed
using 3-d techniques (e,f) [107].

Perfusion-based decellularization has the advantage of pressure-controlled or flow
rate-controlled infusion, allowing for more constant distribution of the chemical agents
within the organ [110,111,114]. In a study;, it was reported that an average perfusion pres-
sure of 8-12 mm Hg resulted in better preservation of the lobular structures in comparison
to the native liver [5,115]. An oscillating pressure system was maintained to simulate
the intra-abdominal pressure conditions for more efficient and uniform decellularization
throughout the tissue [5,113,116].

8. Characterization of Decellularized Liver Samples

Decellularized liver tissues are preserved in 4% paraformaldehyde to prevent tissue
degradation and preserve matrix architecture [110,111,117]. The sample slides were pre-
pared for histology by dehydrating them using graded ethanol, followed by immersion in
xylene and embedding in paraffin. In order to evaluate the cellular content and efficiency of
decellularization, the samples were stained with hematoxylin, eosin, and 4,6-diamidino-2-
phenylindole (DAPI) [110,111,117]. The DNA content was evaluated with the help of a Nan-
oDrop spectrophotometer based on the measurement of the normalized weight [110,111].
The ECM microstructure was evaluated with the help of scanning/transmission electron
microscopy [104,109]. A colorimetric assay was performed to quantify the collagen in the
ECM based on the detection of hydroxyproline found in the structural protein [111,118].
Another technique, namely immunohistochemistry, might also be used to indicate the
presence of proteins, including collagen type I, collagen type III, collagen type IV, elastin,
laminin, and fibronectin [3,5,107]. The GAG content in the ECM was quantified using a
glycosaminoglycan assay based on the BlyscanTM dye-binding method [110,119]. The
vascular integrity of the decellularized liver scaffold might be assessed by Digital Subtrac-
tion Angiography (DSA), with iodine used as the contrast agent delivered via the portal
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vein [104]. Biodegradation studies were also performed to evaluate the degradation rate of
the prepared scaffolds upon incubation in collagenase for a period of about 48 h [120,121].
Figure 5 illustrates the overall fabrication of acellular liver scaffolds and the subsequent
characterization procedures to evaluate the decellularization efficiency.
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Figure 5. Schematic representation of the decellularization of whole organ liver and the successive
characterization techniques [121].

9. Effects of Decellularization on ECM

Samples of decellularized liver appeared white and translucent, indicating the removal
of cellular material [109,110]. The combinational use of the chemical agents resulted in
the removal of a larger percentage of cellular and nuclear material. However, this also
reduced the total ECM protein content that is essential for cell adhesion, growth, and
mechanical integrity of the matrix [6,110,113]. Some studies revealed an average DNA
removal efficiency of greater than 90% for both protocols [110,111]. Certain studies using
the Triton X-100 procedure revealed substantially more DNA fragments than the ones using
the SDS protocol [122].

Analytical procedures revealed that ECM proteins such as collagen and sGAGs were
present in larger concentrations than in native liver tissue due to the elimination of cellular
debris [113,120]. However, it was shown that the elastin content in the acellular liver
was slightly lower than in fresh liver samples [107,120]. When examined using a scan-
ning/transmission electron microscope, the 3D architecture and ultrastructure of the ECM
were discovered to be intact, suggesting that the connective fibers retained the polygonal-
like architecture and the ECM structural proteins, including collagen, fibronectin, and
laminin were also conserved [104,107,109,116,123]. According to Hussein et al., 77% of
collagen degradation occurred during the first three hours of placing the samples in col-
lagenase. However, Baptista et al. reported 80% collagen degradation within the first six
hours of placement and complete degradation in 48 h, indicative of the possible instability
of the acellular samples upon enzymatic action [120,121].

Following decellularization using the suggested procedure, an intact vasculature was
also observed, which is essential to maintain the delivery of growth factors, nutrients,
and oxygen to the newly repopulated cells. [104,116,120]. However, certain studies have
indicated possible ECM damage at higher SDS concentrations; therefore, lower proportions
for longer durations were recommended [113]. Table 2 presents a comparative analysis of
different techniques conducted under varying conditions and their impact on ECM.
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Table 2. A comparison of various protocols implemented under various settings and their implica-
tions on liver ECM.

Protocol Effects on ECM References

adequate clearance of cellular debris, a high DNA removal

1% Triton X-100 efficiency of about 96%, better collagen retention [110,124]
high cell elimination efficacy complete removal of genetic
0.1% SDS material retained the structural proteins and integrity of [105,124,125]
the ECM
complete cell removal highly efficient in DNA removal
1% SDS with an efficiency of about 99% disrupted the [111,113,122]

microvasculature of ECM
effective removal of cellular components and complete
1% Triton X-100 + 1% SDS elimination of nuclear material preserved the vasculature [113,126]
and mechanical integrity of the ECM
Decellularized whole liver organ as an ex vivo model with
a unique native environment and vasculature for vascular [127]
embolization evaluation.

Sequentially perfusing the organ with SDS and Triton
X-100, resulting in the generation of translucent acellular
liver matrices within just 9 h. This approach offers a more

streamlined and effective method for decellularization.
A unidirectional, one-way perfusion flow improved and
accelerated the decellularization approach. Most
1% Triton X-100 + 0.05% EDTA + 30 pug/mL DNase significantly, decellularization preserved liver [129]
extracellular matrix integrity and cell adhesion and
proliferation, enabling recellularization.

Utilizes enzymes (e.g., trypsin, DNase) to digest cellular
material while leaving the ECM intact.
Involves physical disruption of cells through mechanical
agitation, shear, or pressure to remove cellular material.

4% Triton X-100/0.02% EGTA solution and 0.5%
SDS aqueous solution

Free-thaw + Triton X-100/SDS + DNase/RNase [128]

Enzymatic [120]

Physical [130]

10. Applications of Various Decellularized Liver Matrices and the
Techniques Involved

Liver decellularized matrix is a promising biomaterial for fabricating 3D-bio printed,
nanoparticle-incorporated, electrospun, and freeze-dried scaffolds. This is attributed to the
microenvironment created by the matrix that closely resembles that of the native tissue,
thereby promoting cellular functions such as proliferation and differentiation [131,132].

10.1. 3D Bioprinting of Decellularized Hepatic Extracellular Matrix

The use of 3D bioprinting involves layer-by-layer deposition of a material, permitting
the fabrication of a highly controlled and desired 3D structure with improved resolu-
tion [132-134]. This method is extensively used because of its ability to mimic the complex,
intricate structure of the liver ECM and its wide usage with a variety of biomaterials and
cell types [135,136]. Additionally, the 3D structures offer biomechanical and biochemical
cues stimulating numerous cellular processes since they preserve the native ECM and its
structural integrity [137,138]. In this procedure, a bioink is developed, which is essentially
a compound of suitable biomaterial and decellularized liver matrices (Figure 6) [134,135].
These materials are reinforced into the decellularized liver ECM for enhanced support, me-
chanical stability, printing resolution, rheological properties, and bioink ejection [139-141].
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Figure 6. Illustrates the bioprinting approach using decellularized liver ECM bioink to create 3D
liver constructs [135].

It is important to choose appropriate biomaterials that demonstrate biocompatibil-
ity, printability, sufficient mechanical strength, and resemblance to native liver morphol-
ogy [139,141,142]. Naturally derived biomaterials such as collagen, gelatin, agarose, chi-
tosan, hyaluronic acid, and others are most commonly used to prepare bioinks [135,142].
To prepare the bioink, the decellularized liver matrix is first lyophilized and powdered,
then dissolved in acidic solutions of appropriate concentrations, such as 0.1 M acetic acid
or 0.1 N hydrochloric acid, for around 4 days. Subsequently, the obtained solution is
centrifuged at 3000-3500x g rpm for around 10 min to eliminate larger particles. The
pH of the resultant solution can be modified to 7.4 by adding 10 M sodium hydroxide
(NaOH) or phosphate-buffered saline (PBS) solution [135,138,140]. Similarly, bio-inks made
of gelatin, collagen, and other materials, or their combinations, can be made by dissolving
the corresponding components in appropriate solutions (for instance, collagen in 0.5 M
acetic acid) and correcting the pH of the resulting solution with 10 M NaOH solution.
Finally, the desired bioink may be prepared by combining the acquired mixture with the
decellularized liver ECM bioink [135,143-145].

The prepared bioink loaded into a syringe is extruded out of the nozzle using pneu-
matic or mechanical forces and deposited over the print bed to create 3D structures [133,134].
Certain studies have utilized UV light for crosslinking to facilitate a more uniform and
better printing resolution; however, this resulted in an alteration in cell behaviors upon
extended usage [135,138,139].
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10.2. Nanoparticles-Incorporated Decellularized Extracellular Matrices

Nanoparticles may be integrated into decellularized liver scaffolds for enhanced
healing of damaged tissue, cellular growth, structural stability, antibacterial activities, and
sustained release of growth factors [146-148]. Additionally, certain nanomaterials, such as
polydiacetylene (PDA), may be reinforced into decellularized liver matrices to facilitate
blood detoxification due to their antidotal behavior [149]. These nanoparticles are claimed
to bind to matrices by ionic or covalent bonding, where the latter is dependent on the
functional groups present on their surface [148].

Various studies have tested the functioning of silver nanoparticles conjugated in the
matrices, and it is reported that they facilitated crosslinking due to their high affinity for
collagen, thereby increasing the overall structural stability and resistance to biodegradation
in vivo. Moreover, such conjugated scaffolds have demonstrated biocompatibility, anti-
inflammatory activities, cytocompatibility, and less immunogenicity [147,148]. Figure 7
depicts the nanoparticles-incorporated extracellular matrix system and its overall benefits.

Injectable
Nanoparticles 3 form of ECM
Extra cellular N
Matrix (ECM) Recellularization

Figure 7. Schematic illustration of the extracellular cellular matrix-nanoparticles conjugated system
and its numerous advantages, including improving structural stability and electrical conductivity,
sustained release of growth factors, improving cellularity, adding antibacterial activities, and antitoxin
functionalization [147].

10.3. Electrospinning

Electrospinning is a prevalent technique to produce micro- or nanofibers with precisely
controlled diameters and a high surface-to-volume ratio, mimicking the structure of the ex-
tracellular matrix (ECM) in native tissues [150-152]. The fabrication of electrospun fibrous
scaffolds using decellularized extracellular matrices blended with polymers reportedly
produced design-driven constructs that are capable of retaining tissue-specific phenotypes,
enhancing the proliferation and differentiation of seeded cells [153]. Figure 8 shows the
general scheme of scaffold fabrication using decellularized ECM and electrospinning.

Decellularized porcine liver extracellular matrix (PLECM) and collagen type I were
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) solvent and electrospun into porous
3D nanofibrous scaffolds. These scaffolds were then used to culture Primary Human Hepa-
tocytes (PHH) alone or in combination with non-parenchymal cells such as 3T3-J2 murine
embryonic fibroblasts and liver sinusoidal endothelial cells. Cells cultured on the fibrous
scaffolds displayed superior urea synthesis, albumin secretion, and cytochrome-P450 1A2,
2A6, 2C9, and 3A4 enzyme activities compared with those cultured on conventionally
adsorbed 2D ECM controls [154].
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Figure 8. General scheme of scaffold fabrication using electrospinning and decellularized extracellular
matrix-polymer blend solution [155].

Another study incorporated a decellularized human liver ECM directly into the
fibers of an electrospun polylactic acid (PLA) matrix to create a bioactive protein—polymer
scaffold to enhance the proliferation of THLE-3 hepatocytes [156]. A different method
involved seeding a layer of bladder epithelium that produces ECM onto electrospun
polycaprolactone (PCL) fibers to create hybrid polymer—-ECM scaffolds. The initial layer
was removed through detergent-based decellularization, and liver-representative cells
(HepG2) were then grown on the scaffolds. The use of such scaffolds has proven to
have a positive impact on the gene expression profile, albumin production, attachment,
and survival of liver cells, which cannot be achieved by individual ECM components
alone [153,157].

10.4. Lyophilization

Lyophilization or freeze-drying, a well-known method for fabricating scaffolds with
controllable porosities, has been employed to enhance the shelf-life of decellularized heart
valves in sheep [158]. A renal matrix scaffold was fabricated by extracting sheep kidney
cells through decellularization followed by freeze-drying and chemical crosslinking in
order to enhance the mechanical properties and pore structure [37,159,160].

In another study, researchers explored the possibility of developing a hemostatic
and liver wound-healing nanocomposite material using a non-solubilized, powdered,
decellularized liver extracellular matrix (L-ECM). The L-ECM was anchored to thrombin
by lyophilization, and a TEMPO-oxidized cellulose nanofiber/chitosan/ECM-thrombin
nanocomposite was developed. Figure 9 represents the procedure for the fabrication of
the CN/CS/ECM-Th scaffold by means of the freeze-drying approach. The resultant
biomaterial exhibited rapid pro-coagulation ability, highlighting its potential as a liver
regeneration scaffold [161].
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Fabrication of Hemostatic Composite Scaffold
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Figure 9. Schematic representation of the fabrication of CN/CS/ECM-Th Hemostatic composite
using freeze drying [161].

11. Conclusions

The process of tissue decellularization, which belongs to the broad categories of tissue
engineering and regenerative medicine, has garnered significant attention due to its ability
to generate scaffolds that closely mimic the biological environment of the human body.
This advancement retains the potential for enhancing the efficacy of tissue regeneration,
restoration, and replacement. In recent years, the scarcity of available donor organs and the
potential risks of immunogenic rejections post-transplantation have prompted researchers
to explore alternative approaches for tissue repair and regeneration. One such approach
acquiring significant attention is the utilization of decellularized tissues, which harness the
patient’s own cells for these purposes. This article aims to delve into the growing interest
in decellularized tissues as a potential solution to address the aforementioned challenges
in the field of transplantation and tissue engineering. The efficacy of tissue regeneration
is dependent upon the successful elimination of cells and the triggering substances that
induce an immunological response. In spite of the diverse range of methods available for
cell isolation and scaffold preparation, the selection of an appropriate decellularization
technique holds significant importance. The selection of an appropriate decellularization
procedure is crucial and should be tailored to the specific tissue or organ under investiga-
tion, taking into account its unique extracellular matrix (ECM) structure and composition.
The present study aims to evaluate the effectiveness of perfusion as a widely utilized
process for achieving successful decellularization of the liver while preserving the organ’s
structural integrity. The present study aims to investigate the efficacy of a particular pro-
cedure in eliminating cellular and nuclear material. Multiple reports have indicated that
this procedure exhibits promising results in achieving this objective. However, it is evident
from various reports that although this procedure has been successful in eliminating the
cellular and nuclear material to a large extent, care must be taken to ensure the chem-
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ical agents are introduced at appropriate concentrations to prevent any damage to the
ECM microarchitecture. Therefore, it is imperative to conduct further investigations in
order to substantiate the current knowledge and expedite the development of promis-
ing decellularization techniques, enabling preferable alternatives to conventional medical
therapies.
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Abstract: Nowadays, infection diseases are one of the most significant threats to humans all around
the world. An encouraging strategy for solving this issue and fighting resistant microorganisms is
to develop drug carriers for a prolonged release of the antibiotic to the target site. The purpose of
this work was to obtain metronidazole-encapsulated chitosan nanoparticles using an ion gelation
route and to evaluate their properties. Due to the advantages of the ionic gelation method, the
synthesized polymeric nanoparticles can be applied in various fields, especially pharmaceutical
and medical. Loading capacity and encapsulation efficiency varFied depending on the amount of
antibiotic in each formulation. Physicochemical characterization using scanning electron microscopy
revealed a narrow particle size distribution where 90% of chitosan particles were 163.7 nm in size and
chitosan-loaded metronidazole nanoparticles were 201.3 nm in size, with a zeta potential value of
36.5 mV. IR spectra revealed characteristic peaks of the drug and polymer nanoparticles. Cell viability
assessment revealed that samples have no significant impact on tested cells. Release analysis showed
that metronidazole was released from the chitosan matrix for 24 h in a prolonged course, implying
that antibiotic-encapsulated polymer nanostructures are a promising drug delivery system to prevent
or to treat various diseases. It is desirable to obtain new formulations based on drugs encapsulated
in nanoparticles through different preparation methods, with reduced cytotoxic potential, in order
to improve the therapeutic effect through sustained and prolonged release mechanisms of the drug
correlated with the reduction of adverse effects.

Keywords: polymer composite; bioactivity; biodegradability; metronidazole; biomedical application
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1. Introduction

For many years, nanotechnology significantly contributed to biomedicine regarding
prevention, diagnosis and treatment of various diseases [1-3]. Nanomaterials used as drug
transporters are very important due to their small size and morphology [4,5]. These prop-
erties are relevant for active molecules loading and sustained release to the specific site of
action [6-9]. A considerable issue is to design drug delivery systems in order to enhance
the pharmaceutical impact of a drug and to limit its side effects [10,11].

Metronidazole (MET) is a broad-spectrum antibiotic used to combat anaerobic bacteria
and some parasites. It is a nitro-imidazole (Figure 1) derived from the reduction of the
nitro group on the molecule by the bacteria and thus determines the emergence of toxic
metabolites. These compounds use their bactericidal action with molecular DNA destruc-
tion, stopping the DNA repair process. Metronidazole is a drug that penetrates bacteria
through the mechanism of passive diffusion, and is activated in the cytoplasm where it is
transformed into free nitrogen radical. Having cytotoxic activity, it inhibits synthesis and
damages DNA, stopping the multiplication of bacteria. Furthermore, the DNA breakage
caused by the metronidazole metabolites leads to bacterial cell damage. This drug treats
surgical infections, duodenal ulcer caused by Helicobacter Pylori contamination, intestinal
amoebiasis, etc. Nowadays, metronidazole is used as an antimicrobial agent for the cure of
periodontal disease, including topical application after scaling and subgingival treatment.
The pharmacokinetic profile of metronidazole shows that the active substance reaches
a concentration of 10 mg/mL in plasma one hour after the administration of a dose of

500 mg.
o/ \
\N+
0// N
Metronidazole

0o

~

H

Figure 1. Chemical structure of metronidazole molecule.

Administration of MET can cause certain side effects such as nausea, mouth dryness,
epigastric pain and others. A major disadvantage regarding conventional therapy refers
to the accumulation of high drug concentrations in the liver and kidneys. Among the
side effects caused by the administration of systemic antibiotics, gastrointestinal intoler-
ances, hypersensitivity reactions and the establishment of bacterial resistance can be noted.
There are studies that reveal that if the active substance does not reach the desired concen-
tration at the site of action, systems for the prolonged release of drugs can be developed,
reaching the desired concentration at the site of action and reducing adverse effects.

In order to combat adverse effects of metronidazole it is necessary to reformulate the
antibiotic by developing a different drug delivery nanosystem which yields better targeted
transport of the active molecule. Nowadays, researchers are focused on reducing antibiotic
side effects as well as delivering the active molecule to the target site, enhancing drug
efficiency [12-16]. MET is also currently used for the treatment of periodontal disease,
especially as a topical administrative drug inhibiting anaerobic microorganisms [17,18].

Although many types of nanoparticles were studied as drug delivery systems, am-
ple researches were developed on polymeric nanostructures for various active molecule
transports. Polymeric nanosized architectures own excellent stability, reproducibility and
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biodegradability properties, making them suitable for the application in several pharma-
ceutical formulations [16].

Chitosan is a natural polymer obtained with the deacetylation of chitin. It is a bio-
compatible cationic polysaccharide metabolized with specific human enzymes, mainly
lysozyme, which attributes chitosan to be a possibly efficient drug carrier [19-21]. Chemical
structure of chitosan (Figure 2) contains copolymer units of N-acetyl-glucosamine and
glucosamine. Structurally, the chitosan molecule presents functional groups that allow elec-
trochemical interactions at the molecular and cellular level. Chitosan nanoparticles possess
antimicrobial properties; therefore, they can be loaded with several bioactive molecules
to obtain different formulations used in the medical field [22-25]. Due to chitosan’s low
solubility, some proposals for tailoring its structure were advanced in order to obtain
various chitosan derivatives, and improved solubility was achieved by using free hydroxyl
and amino groups based on the self-assembly feature.

OH OH

HO
HO

OH

NH: | Chitosan i, NH,

Figure 2. Structural representation of chitosan.

The significant properties of chitosan determined researchers to use it in various
bio-medical formulations.

Studies on the synthesis of nanoparticles with the ionic gelation method have attracted
the attention of researchers in recent years. This is because various compounds can be
loaded into the polymer structure, thus constituting the drug delivery system and being
able to be used later in various medical fields. Therefore, this biopolymer has been in-
volved in several trials, namely drug delivery, with applications in many medical areas,
such as dental medicine, tissue engineering, epidemiology, pulmonology, neurosurgery,
neonatology, cardiology, emergency, regenerative medicine (including hard tissue and
soft tissue due to its ability to protect unstable biomolecules), biodegradation, biocompat-
ibility, mucosal tissue adhering, nontoxicity and antimicrobial activity. The use of such
systems requires small amounts of the active substance as the absorption of the medicine is
carried out in a sustained and controlled manner, thus reducing the side effects of antibi-
otics [26-31]. Although many drug-loaded chitosan nanoparticles were studied as carriers,
this work proposes obtaining a novel formulation based on metronidazole-encapsulated
chitosan nanoparticles and evaluating the cytotoxicity of these nanostructures according to
physicochemical features and the drug release profile. Nowadays, biomedical application
and development of polymer composites [32], which includes significant features such
as bioactivity, low toxicity, molecules transport and biodegradability, is of major interest.
Our study involved the preparation of a nanosystem based on chitosan nanoparticles
loaded with metronidazole, which was structurally and morphologically characterized and
evaluated for its cytotoxic effect. Formulation designs based on drug-loaded polymeric
nanoparticles could provide improved therapeutic alternatives for currently administered
drugs. Furthermore, this study proposed that the new drug delivery systems increase the
therapeutic effect through biodegradation processes of the polymer matrix, deliver the
active molecule to the target site and, implicitly, reduce side effects on the body:.

2. Materials and Methods
2.1. Materials

Metronidazole active substance was offered by a research institute for free (Sigma-
Aldrich, analytical standard, <100%, stable at room temperature). Chitosan (75-85% de-
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acetylated) and sodium tri-polyphosphate was acquired from Sigma-Aldrich, Darmstadt,
Germany. The other reagents used to obtain antibiotic-loaded chitosan nanoparticles were
of analytical grade of purity.

2.2. Preparation Methods
Nanoparticles” Preparation

Chitosan nanoparticles (Chi) were obtained with ionic gelation method [31] using
tri-polyphosphate (TPP) as cross-linking agent due to their counter ions which establish
inter- and intra-molecular connections. This is a route to obtain nanoparticles based on
the electrostatic interaction between compounds with opposite charges, with chitosan
(cation) and TPP (anion) being the most frequently used. By adding TPP, drop by drop,
to a solution containing chitosan, the polyanion binds to an amino group, which causes
the polymer to suffer a gel ionization operation; then, nanoparticles were forms with
centrifugation. The preparation of polymeric nanoparticles depends on the concentration
of the polymer, its molecular weight, the chitosan/tri-polyphosphate ratio, the concen-
tration of the bioactive principle, pH, the time and speed of stirring and centrifugation.
This technique implies dissolution of chitosan polysaccharide in an aqueous acid solution
(1% v/v glacial acetic acid) resulting in positively charged chitosan. Then, this solution is
added to a TPP solution (0.1% w/v in ultrapure water) under stirring conditions and forms
a positive-negative complex.

For preparation of antibiotic-loaded polymer nanoparticles, metronidazole (in different
concentrations) was added to chitosan solution, and adjustment of the pH of each product
at 5.0 was performed by using solutions of 0.1 N HCl and 1 N NaOH. The as prepared
nanocomposites were centrifuged at 9000 rpm for 1 h at room temperature. After this
step, the supernatant was kept at 2-6 °C until further assessment. Finally, the antibiotic-
loaded chitosan nanoparticles were lyophilized for 48 h and analyzed to achieve the aims
of this study. The ionic gelation method requires cheap and easy-to-use materials and
equipment, and having the advantage of the electrostatic interaction mechanism, instead
of chemical synthesis, leads to the avoidance of possible toxicity of the reagents; however,
its disadvantage is that nanoparticles are not produced on a large scale with a uniform size
distribution. This technique is widely used because it has proven to be useful for obtaining
various formulations of polymeric nanoparticles loaded with drugs. Each formulation
code is presented in Table 1, which comprises the concentration of the drug, polymer and
crosslinking agent.

Table 1. The proportion of chitosan, TPP and metronidazole used in different formulations.

Code of Each Formulation Chitosan (mg) Crosslinking Agent, TPP (mg) Metronidazole (mg)

Chi_1 100 50 -

Chi_2 150 50 -

Chi_3 200 50 -
ChiMet_2.1 150 50 100
ChiMet_2.2 150 50 150
ChiMet_2.3 150 50 200

After preparing the nanostructures, their characterization included particle size distri-
bution (PSD), zeta potential, morphology (scanning electron microscope, SEM), encapsula-
tion efficiency (EE), loading capacity (LC), Fourier transform infrared spectroscopy (FTIR)
and spectrometry (UV-Vis). The characteristics of nanocomposites using these advanced
techniques depended on the synthesis conditions.

2.3. Characterization Equipment

Characterization of the obtained samples was based on antibiotic-loaded polymer
nanoparticles.
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2.3.1. Evaluation of Loading Capacity and Encapsulation Efficiency

Loading capacity and encapsulation efficiency of each composite was established using
a Cary 60 UV-Vis spectrometer at 319.5 nm to measure the absorption of each supernatant
after centrifugation. Loading capacity and encapsulation efficiency are expressed by the
following formula:

Wy — Wy
Loading capacity (%) = —w X 100 1)
n
. - Wy — Wy
Encapsulation efficiency (%) = W X 100 (2
t

where

- Wtis the total content of metronidazole encapsulated initially into the polymer matrix;
- Wf represents the amount of drugs in the supernatant;
- Wn represents the weight of dried nanoparticles after lyophilization process.

Loading capacity is an indicator that reveals the amount of drugs that can be loaded
into a quantity of nanocomposite; encapsulation efficiency is an index that shows the yield
of the process of obtaining nanostructures.

Nanoparticles” Size Assessment

Particles’ size distribution was established with DLS (dynamic light scattering) using
a Zetasizer Nano ZS (Malvern, Germany), which evaluates the particle size, electrophoretic
mobility and zeta potential.

2.3.2. Nanoparticles’ Morphology

Morphological features of metronidazole-loaded chitosan nanoparticles were ana-
lyzed using scanning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with an energy dispersive spectrometer (EDS, EDAX Octane Elite, Thermo Fisher
Scientific, Waltham, MA, USA), which allows high-resolution morphological investigations
of these types of nanocomposites. Nanostructured samples were dried at room temperature
by spreading the suspensions on a glass plate; then, they were coated with gold under
vacuum before examination.

FTIR (Fourier transform infrared spectroscopy) characterization implied scanning of
KBr tablets (in the spectral range of 4000 to 400 cm~!) that were obtained by compressing
a mixture containing small amounts of KBr and antibiotic-loaded polymer nanoparticles.

Release profiles were established at 37 °C in a horizontal shaker containing 50 mg/200 mL
of drug-loaded chitosan nanoarchitectures by applying a few horizontal strikes. Dissolution
media comprised phosphate-buffered saline solution pH 7.5, phosphate-buffered solution
pH 7.0 and 0.1 N HCl solution pH 1.5. Metronidazole release operation was performed
for 24 h and, at fixed intervals, 10 mL of sample was withdrawn and substituted with
dissolution media then analyzed with UV-Vis spectrophotometer, at specific wavelengths
to each dissolution media.

2.3.3. Cell Viability Assay

HeLa cells were used for testing cytotoxic effect of metronidazole-encapsulated chi-
tosan nanoparticles. After 24 h of incubation, in presence of the tested compounds, cell
viability was evaluated with MTT assay. HeLa cell line was maintained in DMEM (Dul-
becco’s Modified Eagle Medium, Biochrom AG, Berlin, Germany), and supplemented with
10% FSB (fetal bovine serum), 100 IU/mL penicillin and 100 pg/mL streptomycin at 37 °C
in a humidified atmosphere of 5% CO, in air. Evaluation of viability was based on MTT
assay. HeLa cells were seeded in 96-well plates (density of 5 x 10 cells/well), allowed to
attach and grow overnight. Treatment with the polymeric nanoparticles anticipated the
replacement of growth medium with new complete medium containing the NPs in doses
ranging from 100 ug/mL to 0.01 pg/mL. After 24 h of treatment, the cells were washed and
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covered with 100 uL of fresh DMEM 10% FBS. An amount of 10 uL of MTT (5 mg/mL) was
added into medium, and cells were incubated for another 3 h. DMSO (dimethyl sulfoxide,
Merck, Darmstadt, Germany) was used to dissolve the formazan that was formed, and the
absorbance was recorded at 570 nm.

3. Results

The loading capacity and encapsulation efficiency (Table 2) reveals that a higher
antibiotic concentration determined a reduction in the loading capacity and an increase in
the encapsulation efficiency.

Table 2. Loading capacity and encapsulation efficiency of the noncompounds.

Sample Code Metronidazole/Chitosan Conc. Loading Capacity, % Encapsulation Efficiency, %
ChiMet_2.1 100/150 70 26
ChiMet_2.2 150/150 67 30
ChiMet_2.3 200/150 62 35

The results of particle size and zeta potential evaluation showed that the concentration
of the antibiotic did not intercede with the size and the positive zeta potential of the
metronidazole-loaded chitosan nanoparticles.

Figure 3A shows the representative nanoparticles size distribution of chitosan nanopar-
ticles and drug-loaded polymer nanoparticles for the ChiMet_2.2 formulation. The re-
sults revealed that ninety percent of chitosan nanoparticles had a size of 163.7 nm and
metronidazole-loaded chitosan nanoparticles had a size of 201.3 nm. Thus, this confirmed
that a small increase occurs when the drug molecules are encapsulated into the polymer
structure. The zeta potential (Figure 3B) is based on the electrophoretic scattering of light
for molecules, particles and surfaces in the size range of 0.3 nm—-10 pm. The electrokinetic
potential (zeta) represents the difference between the electric charges on the surface of the
solid nanoparticles in the dispersing medium and the charges of the diffused electric layer.
It also reveals the degree of repulsion of particles with the same charge. In the case of the
new prepared formulations, a higher zeta potential indicated the stability of the dispersions
that do not allow the aggregation of polymer nanoparticles loaded with antibiotics.
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Figure 3. Nanoparticles’ size distribution representation: (A) chitosan particles (a) and metronidazole-
loaded chitosan nanoparticles (b) and (B) zeta potential of chitosan-loaded metronidazole nanoparticles.

SEM micrographs, Figure 4A,B of the ChiMet_2.2 sample, show varied and dense
nanoparticles, which are spherical in shape and have a porous chitosan matrix texture.

By comparing the morphology of antibiotic-loaded polymeric nanoparticles and non-
loaded nanoparticles, it was observed that loading the drug into the chitosan structure did
not significantly change the textural properties of the nanoparticles.
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Figure 4. (A) SEM micrograph of chitosan. (B) SEM image of metronidazole-loaded chitosan nanoparticles.

3.1. FTIR Characterization

Figure 5 displays the IR spectrum of the drug, polymer and metronidazole-encapsulated
chitosan nanoparticles (ChiMet_2.2 sample). Pure metronidazole revealed characteristic
peaks at 270 cm ™! attributed to the C-O stretching vibration, a N-O stretching at 1370 cm ™!,
a C-N stretching vibration at 1540 cm ! and a O-H bond at 3230 cm ™. The IR spectrum of
chitosan showed characteristic peaks at 3450 cm ™! assigned to the -OH and NH, stretching
vibration, and peaks at 1650 cm ! attributed to the amide group.
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Figure 5. IR spectrum of pure metronidazole. IR spectrum of pure chitosan and IR spectrum of

ChiMet_2.2 (metronidazole-loaded chitosan nanoparticles).

IR spectrum of ChiMet_2.2 sample presented peaks at 1670 cm~! corresponding to
the amide group in chitosan, and peaks at 1490 cm ! attributed to the -NOj; group in the
metronidazole molecule and peaks at 1420 cm ™! assigned to the intermolecular hydrogen
stretching vibration.
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From the analysis of the IR spectra, it can be assumed that the efficiency of the
incorporated active principle depends on the technique of loading the drug into the poly-
mer structure.

3.2. Drug Release Profile

The in vitro release profiles of the antibiotic from the polymeric nanoparticles in
different dissolution media (Figure 6A,B): phosphate-buffered saline (pH 7.5), phosphate
buffer (pH 7.0) and 0.1 N HCI (pH 1.5). Up to one hour, there was an initial rapid release
of about 30% of metronidazole, probably caused by the dissolution of the metronidazole
crystals located on the surface of the chitosan nanoparticles. In the next 24 h, a prolonged
release followed, possibly due to the diffusion of the antibiotic through the polymer matrix.

100

1.3
1.1+ © hiliet_2.1 ]
20 —C hildet_ 2.7 —
a9 o — § 754 % __—-—f_____,éS/
oo <9 Z‘/"-_’—-—‘
o -
0.7 4 o
[T -g 50 A
0 N
) =
o4 ; —m— ChiMet_2.1
0.3 L —— ChiMet_2.2
; g 7 —A—ChiMet_2.3
[ A =1
01- = B
i ) ¥ ) 1] 0 ; T : r . . : T r
Time [min) 0 4 8 12 16 20 24

Time (h)

Figure 6. (A) UV-VIS spectrum of ChiMet_2.1, ChiMet_2.2, ChiMet_2.3. and (B) drug release profile
of metronidazole-loaded chitosan nanoparticles.

The release of metronidazole from the polymeric nanostructures shows that these
drug carriers allow sustained and prolonged release of the drug at the target site, increasing
the bioavailability of the drug and minimizing its adverse effects.

The release profile of metronidazole with different concentrations in the formulation
showed that the release rate of the drug tended to increase as the amount of the drug in the
sample increased, which lead to differences in the diffusion mechanism.

3.3. Cell Viability Assay

Cellular viability (%) (Figure 7) was calculated according to the following formula: %
cell viability = [absorbance]sample/[absorbance]control x 100. Investigating the action
of different concentrations of the ChiMet_2.2 sample on the viability of HeLa cell cultures
revealed a moderate cytotoxic impact of these compounds, with cell viability reductions
between 36.8% and 23.3%.

No significant differences were recorded between the different concentrations used in
terms of the cytotoxic impact. However, even if the value of the cytotoxic impact is around
30%, from the point of view of the antitumor response, it has no therapeutic significance.
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Figure 7. Viability of HeLa cells determined with MTT assay at 24 h after the treatment with chitosan-
loaded metronidazol nanoparticles (B) or metronidazol NPs (A). Statistical significance was evaluated
with paired t test, with significance thresholds of <0.05. ** = <0.01; *** = <0.001.

4. Discussion

The continuous development and improvement of drug delivery nanosystems is of
major importance for the technologies used in the pharmaceutical field. Thus, obtaining
nanostructures that act as a matrix for different active principles is significant due to
the stability and control of drug release. Recently, the use of drug delivery systems in
nanomedicine enhanced prevention, diagnosis and treatment of some threatening diseases
by targeting the affected site while minimizing adverse effects. By using the ionic gelation
method, bioactive molecules can be encapsulated in the polymer matrix to improve their
effectiveness. Changing the amount of the drug in nanocomposites determined a loading
capacity in the range of 70-62% and an entrapment efficiency in the range of 26-35%.
The encapsulation capacity variation occurs due to the fact that chitosan nanoparticles
precipitate faster, inhibiting the incorporation of the drug, which is followed by an in-
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crease in the diffusion of the drug when its amount in the formulation increases. Particle
size distribution and zeta potential indicated no considerable modification when the an-
tibiotic molecule was encapsulated into the polymer structure. The method used for the
preparation of chitosan nanoparticles loaded with metronidazole led to a narrow size
distribution of the nanocomposites. The complexity of the formation mechanism of the
new nanostructures is probably due to the presence of phenomena, such as nucleation,
growth, self-assembly and aggregation, that take place at the same time, thus determining
the characteristics of the newly prepared formulations. If the predominant phenomenon
is nucleation, a larger number of nanoparticles with smaller sizes are obtained; if it is
molecular growth, self-assembly or aggregation predominates, and larger nanoparticles are
formed. The conditions predetermined with the preparation method of the new compounds
determine the predominant phenomenon, with them being the factors that influence the
morphology and size distribution of the obtained nanoarchitectures. It was observed that
an increase in the amount of the drug in the formulation implies a slight increase in the
size of chitosan nanoparticles loaded with metronidazole from 163.7 nm to 201.3 nm, thus
suggesting that the incorporation of the active molecule in the polymer matrix does not
significantly change the size of the nanostructure. Morphology analysis performed with
scanning electron microscopy indicated a porous surface of pure chitosan nanoparticles
and spherical-shaped particles of the tested metronidazole-immobilized chitosan nanopar-
ticles. A difference in the degree of agglomeration in nanocomposites compared to chitosan
nanoparticles can also be observed. The IR spectra were recorded at the wavenumber range
of 4000400 cm ! to evaluate chemical interactions between metronidazole and polymer
molecules. FTIR spectral investigations, performed to analyze the alteration of chemical
structure, revealed no significant physicochemical interaction between metronidazole and
chitosan, concluding that these compounds are compatible with each other. The small
changes in the absorption spectra of the new formulation of chitosan nanoparticles loaded
with metronidazole possibly occurred due to the antibiotic molecule that changes the
functional groups in the polymer. The dissolution assay indicated that the antibiotic was
immobilized in the polymer structure due to the crosslinked gelation technique. The re-
lease profile suggests that the active substance was released in a controlled, prolonged
manner from the polymer matrix with a non-Fickian behavior, indicating a transport of the
active principle via diffusion, which is associated with polymer relaxation. Changing the
metronidazole concentration did not significantly change the release profile of the drug
from the tested samples and reached 80% for a 24 h period. The swelling and relaxation
of the polymer could have a significant role in the release mechanism of the embedded
substance. This could be due to the rapid dissolution of the drug on the surface of the
chitosan nanoparticles that created pores, and its release from the polymeric nanostructure
would have occurred through those pores. Towards the end of the delivery time, a decrease
in the release speed could be observed due to the increase in the diffusion path of the
drug. MTT testing is a quantitative method used on a large scale to determine, in vitro,
the cytotoxic effects of some products (biomaterials, drugs, hybrid compounds) on cell
lines. The cytotoxicity test was used to evaluate the possibility of the new formulation
based on chitosan nanoparticles loaded with metronidazole having a therapeutic action
without toxic effects on the cells. These findings presume promising applications of drug
carriers in pharmacological and medical areas. Nowadays, there is a particular interest in
obtaining polymeric nanoparticles through the ionic gelation method, which can be later
loaded with new active ingredients and used both to prevent and to treat serious infections
caused by various pathogens. This research aimed to highlight the possibility of expanding
the field of applications of drug carriers based on polymeric nanoparticles loaded with
different active principles to prevent and treat dangerous infections but also to reduce the
side effects of drugs. An important aspect to consider refers to the chemical structure of
the active molecule; therefore, the chemical affinity between the polymer and the drug
can reveal surface interactions. Considering this factor in the design of new formulations
could lead to the functionalization of the surface of polymeric nanoparticles to improve
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their performance as controlled drug release systems. This work aimed to obtain a new
formulation of polymeric nanoparticles loaded with an antibiotic in which the structural
and morphological characteristics were evaluated according to the conditions and methods
of preparation and thus obtaining nanoparticulate systems with prolonged release of the
drug without significant cytotoxicity. Further research should focus on testing chitosan
nanoparticles loaded with metronidazole in different medical fields, and is expected to
obtain a special performance of the transport and release of the drug at the target site.
The prepared nanoparticles were characterized for their use in the delivery of active princi-
ples in biological systems, focusing on new formulations that reduce the adverse effects
of drugs.

5. Conclusions

This study presents the synthesis and characterization of metronidazole-loaded chi-
tosan nanoparticles as carriers for the antibiotic target site. The ionic gelation technique was
used to prepare polymer nanoparticles. Chitosan is a natural polymer obtained with the
deacetylation of chitin in an alkaline environment which is then metabolized by a human
enzyme such as lysozyme. It is a cheap and easy to obtain, biocompatible, biodegrad-
able and non-toxic compound that acts as a matrix for the inclusion of active principles.
They also have a prolonged release at the site of action, which is followed by the dissolution
of the host. Structural and morphological properties of as prepared delivery systems were
performed using FTIR, SEM techniques and UV-VIS spectroscopy in order to investigate
the release behavior. FTIR and SEM analyses indicate that the loading of the polymer
matrix with an active principle does not significantly change its structural and textural char-
acteristics. Moreover, the prolonged and controlled release of the molecule helps modern
medicine in the diagnosis, prevention and treatment of many diseases. The results of the
particle size distribution indicated a slight increase from 163.7 nm, in the case of uncharged
polymer nanoparticles, to 210.3 nm, in the case of chitosan nanoparticles loaded with
metronidazole. The cytotoxicity profile revealed that the cytotoxic impact was insignificant.
Based on the obtained results, drug carriers can be successfully used for enhancing the en-
capsulation and biodistribution of metronidazole at the target site. Chitosan possesses low
toxicity, indicating that it can be used in the biomedical field as a drug delivery nanosystem,
thus promising various formulations which enhance drug therapy and limit side effects.
Incorporating the antibiotic into the structure of chitosan nanoparticles can offer multiple
advantages in the creation of transport systems and the localization of the active substance.
The characteristics of nanocarriers such as the shape, size, release profile and cytotoxicity
are significant in the design of drug delivery systems. Moreover, a promising strategy to
combat antibiotic-resistant microorganisms and to reduce nosocomial infections is to use
drug-loaded nanocarriers.
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Abstract: The montmorillonite-sodium alginate (MMT-SA) colon-targeting microcapsules have been
designed as a WGX-50 encapsulation and controlled release vehicle used in oral administration. The
MMT-SA microcapsule was formed from a cross-linking reaction, and the stable micropore in the
microcapsule changed with a different MMT-SA mixed mass ratio. The MMT-SA microcapsule has
a reinforced micropore structure and an enhanced swell-dissolution in SIF and SCF with alkaline
environment, which is attributed to the incorporated MMT. The MMT-SA microcapsule exhibited a
high WGX-50 encapsulation rate up to 98.81 + 0.31% and an obvious WGX-50 controlled release in
the simulated digestive fluid in vitro. The WGX-50 loaded with MMT-SA microcapsule showed a
weak minimizing drug loss in SGF (Simulated Gastric Fluid) with an acidic environment, while it
showed a strong maximizing drug release in SIF (Simulated Intestinal Fluid) and SCF (Simulated
Colonic Fluid) with an alkaline environment. These features make the MMT-SA microcapsule a
nominated vehicle for colon disease treatment used in oral administration.

Keywords: montmorillonite; sodium alginate; microcapsule; controlled drug release; oral administration

1. Introduction

Drugs for oral administration with controlled release used in the digestive tract result
in long-term stable release in large doses and have a high mass fraction therapeutic effect
in target-specific sites [1]. There are some unique characteristics that should be taken into
account, such as drug transport across the biologic barriers, drug release in the digestive
tract microenvironment, and the drug molecule’s absorption, distribution, metabolism,
and excretion in the digestive tract, etc. [2—4]. WGX-50 is an amide compound extracted
from Zanthoxylum Bungeanum Maxim, exhibiting a beneficial therapeutic effect on colon
disease management through modulating the innate immune response. WGX-50 exhibits
swift oral absorption, posing challenges in achieving uniform systemic distribution and
targeted delivery to the colonic site, thereby limiting its therapeutic efficacy. Further-
more, the acidic milieu of the stomach may induce structural modifications in WGX-50.
WGX-50 in oral administration should avoid an uncontrollable release in an inconvenient
location [5-8]. Therefore, a WGX-50 encapsulation and controlled release vehicle used in
oral administration should be designed for minimizing drug loss within the gastric tract
microenvironment and accelerating drug absorption in the intestinal tract, and further
facilitating therapeutic effects in the target-specific site [9-13].
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Sodium alginate (SA) hydrogel microcapsules formed from an SA solution in various
cross-linking reactions are water-swollen biomaterial with a three-dimensional network
structure that exhibit remarkable features, such as a tunable microporous structure, non-
toxicity, biodegradable and biocompatible, etc., which could be used as a drug encapsu-
lation and controlled release vehicle used in oral administration [14-17]. Several studies
on functionalized hydrogel microcapsules with enhanced mechanical structures for sus-
tained and controlled drug release have been conducted, but undesired leakage makes
them inefficient, i.e., encapsulating the drug molecule in a reinforced micropore structured
microcapsule [18-20]. Montmorillonite (MMT) is a US Food and Drug Administration-
approved active and inactive ingredient for diverse biomedical applications owing to its
characteristics such as its two-dimensional structure in micronano scale and dual-charged
distribution in structure while having a net negative charge in aqueous suspension, its high
swelling behavior and inherent stiffness, non-toxicity and biocompatibility, etc. [21]. Hence,
our foremost consideration revolves around the controlled release of the pharmaceutical
agent and ensuring the safety and stability of the carrier. The hydrogel microcapsule
functionalized with MMT-SA as a reinforced vehicle against chemical issues from the
digestive tract microenvironment and even accelerating the drug molecule’s absorption,
distribution, metabolism, and excretion in the intestinal tract is an essential choice for drug
encapsulation and controlled release vehicle used in oral administration [22,23].

The novelty of this work is that an oral colon-specific drug delivery system (MMT-SA
microcapsules) has been designed taking into account the digestive tract microenvironment,
which could benefit from targeted controlled release, efficient delivery, and even a reduction
in initial losses for WGX-50. The microcapsule formation mechanism and the main influence
factors at different stages are discussed in detail. The ratio of MMT to SA was adjusted to
obtain microcapsules with optimal particle size, pore distribution, and thermal stability. The
cytotoxicity of the microcapsules towards human cell lines associated with colon diseases
has been evaluated. Additionally, the storage and release of WGX-50 in simulated digestive
fluid in vitro provide an enhanced verification model in certain colon disease treatments.

2. Materials and Methods
2.1. Materials

Medical Montmorillonite (MMT, 98%, Product No.: SD1004) was obtained from Sand
Technology Co., Ltd. (Ezhou City, China) Sodium alginate (SA, AR, 90%, CAS No.: 9005-38-
3) was obtained from Maclin Biochemical Technology Co., Ltd. (Shanghai, China). Calcium
chloride (AR, 96%, CAS No.: 1004-52-4) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). WGX-50 (MW: 311.384, CAS No.: 29946-61-0) was obtained
from Sigma-Aldrich (Shanghai, China).

2.2. Preparation of MMT-SA Microcapsule

From the working solutions, MMT and SA were mixed with different mass ratios in
10 mL aqueous solution and stirred at room temperature. The mixing was carried out with
a mixing time of 60 min and a mixing rate of 500 rpm, to ensure thorough mixing. Later, the
mixed suspension was added to a 0.4 M CaCl, solution, and the 30 min cross-linking was
there to ensure the completed reaction, i.e., the cross-linking reaction time is 30 min. Then,
the microspheres were collected through filtration and washed with deionized water three
times. Liquid nitrogen freeze-drying was used to ensure microsphere transformed into
a microcapsule. The mixed mass ratios for the MMT-SA microcapsule to obtain different
phases are presented in Supplementary Material Table S1.

2.3. Characterization

SEM images were evaluated using a Mira3 LMU SEM (Tescan, Brno, The Czech
Republic) with a vacuum set to below 5 x 1073 Pa, accelerating voltage was 20 kV, and
spot size was 5.5-6.5 nm. Platinum was used as the gold-spraying material and the
gold-spraying time was set to 120 s to increase the conductivity of the samples. The

120



J. Funct. Biomater. 2024, 15,3

differential thermal analysis was analyzed using the STA449C (NETZSCH Machinery
and Instruments, Selb, Germany), which ranged from 30 to 600 °C under constant argon
purging with 10 °C/min rate of rise. The zeta potential values were measured using
a Malvern Zetasizer Nano S90 (Malvern Instruments, Malvern, UK). The gel precursor,
dissolved in buffer solutions with varying pH levels, was placed in a quartz cuvette. The
values of zeta potential were obtained from three measurements. The diffuse reflectance
spectrum was measured using a Fourier transform infrared spectrometer (Shimadzu FTIR
8120 spectrometer, SHIMADZU, Kyoto, Japan) in the range from 400 to 4000 cm .

2.4. Cell Culture and Cytotoxicity Evaluation

Human intestinal epithelial cells 6 (HIEC-6) and human colonic epithelial cells (NCM460)
were obtained from Abiowell Biotechnology Co., Ltd. (Changsha, China). HIEC-6 and
NCM460 cells were cultured in RPMI 1640 medium containing 10% FBS and 1% Pen/Strep
at 37 °C with 5% CO; atmosphere.

The culture medium was removed and replenished with RPMI 1640 culturing medium
containing MMT-SA mixture ranging from 1 pg/mL to 300 pg/mL, and then incubated
for 24 h at 37 °C. The viable cell counts were measured using Cell Counting Kit-8 (CCK-
8) according to the manufacturer’s instructions (Beijing Lablead Biotech, CK001-3000T,
Beijing, China). The absorbance at 450 nm was measured using BIOTEK ELX800 Universal
Microplate Reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Drug Encapsulation Measurement

WGX-50 with amounts ranging from 25 mg to 200 mg was dissolved in the aforemen-
tioned 10 mL MMT-5SA initial mixed solution, and then stirred at room temperature for 60
min. The resulting mixture was added into 40 mL 0.4 M CaCl, solution in 30 min. The
MMT-SA microcapsule containing WGX-50 (WGX-50/ MMT-5SA) was filtered and washed
three times with deionized water to remove the residual WGX-50 on the microcapsule
surface. The absorbance of the residual WGX-50 at 277.5 nm was measured using a UV-Vis
spectrophotometer (UV2600, Thermo Fisher Scientific, Waltham, MA, USA).

The encapsulation rate (EE, %) and the drug loading rate (DL, %) were calculated
using the following Equations (1) and (2) [24]:

EE(%’) = (WFed - WNonfencapsulated) /WFed % 100% (1)

DL<O/°) - (WFed - WNon—encapsulated) /Wrotal X 100% ()

where WEeq is the initial WGX-50 amount in total, WNon-encapsulated 18 residual WGX-50
amount in filtrate, and Wy, is the microcapsule amount containing WGX-50.

2.6. Drug Release In Vitro

In vitro WGX-50 release experiments were carried out in an alkaline environment
(pH 6.8 in PBS solution, Simulated Intestinal Fluid, SIF; pH 7.4 in PBS solution, Simulated
Colonic Fluid, SCF) and in an acidic environment (pH 1.2 in PBS solution, Simulated
Gastric Fluid, SGF). To simulate the sequential pH changes that occur during the in vivo
process, an in vitro release study mimicking the gastrointestinal tract was conducted for
30 h. Here, 30 mg WGX-50/ MMT-SA microcapsules were sequentially immersed in 200 mL
of SCF, SIF, and SGF for 2 h, 3 h, and 24 h at 37 °C 100 rpm. Then, 5 mL suspension was
centrifuged at 3000 rpm in selected time intervals, the supernatants were measured using
UV-Vis (A = 277.5 nm) spectrophotometer, and the sediments were redispersed in 5 mL
PBS solution to replenish the total volume. All the experiments were performed at least
in triplicate.
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3. Results and Discussion
3.1. Fabrication of the MMT-SA Microcapsule

Schematic illustration, digital photographs, and the representative SEM images for
MMT-SA microcapsules are shown in Figure 1. The MMT was mixed with the SA solution,
and the resulting mixed solution is a turbid colloidal suspension with viscosity and opacity,
indicating that the MMTs were well scattered within the SA solution without obvious
aggregation. Moreover, the mixed turbid colloidal suspension was flexible and stretchable,
allowing it to be shaped into letters. This property is beneficial for fabricating hydrogel
microspheres with a stable microstructure. Later, the mixed solution was added with
the calcium chloride solution to form hydrogel microspheres, and the initial hydrogel
microsphere exhibited opacity and hydrophobicity. Subsequently, the microcapsule was
formed from freeze-dried hydrogel microspheres, and the irregular micropores in the
microcapsule were created through the sublimation of ice crystals. Those microcapsules
exhibited near-spherical shape in appearance and distinct ripple-like cell walls with a clear
skeleton structure in their internal structure. Additionally, the oven-dried microcapsules
have a smoother surface but lacked micropores compared to the freeze-dried microcapsules
(Figure S1).
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Figure 1. (A) Schematic illustration, (B) digital photographs and the representative SEM images for
MMT-SA microcapsules.

3.2. Different Phases of the MMT-SA Microcapsule

The schematic illustration and the corresponding digital photographs and SEM images
for MMT-SA microcapsule with different phases are shown in Figure 2. Figure 2A illustrates
MMT and SA with different mixed mass ratios, resulting in various states, ranging from a
mixed turbid colloidal suspension to a stable spherical microcapsule. The stable spherical
microcapsules exhibited a smooth shell in wet state and uniform micropores in freeze-dried
microspheres, which is beneficial to enhance drug encapsulation and controlled release
in target-specific sites [25]. Additionally, the MMT agglomerates in the stable walls are
presented in Figure S1. FTIR was used to record the characteristic peaks in the MMT-
SA microcapsule in Figure S2. Peaks at 3485 ecm~—1, 2925 cm~1, 1612 em™1, 1417 em ™},
and 821 cm~! were attributed to SA [26]. Peaks at 3629 cm ™1, 3417 cm ™!, 1639 cm ™1,
1432 em ™1, and 1030 cm ! were attributed to MMT [27]. Peak at 1030 cm ! shifting to
1040 cm ! indicated a cross-linking reaction between MMT and SA. The TG-DSC curves
of MMT (Figure S3A) exhibited endothermic peaks at 98 °C and 369 °C, indicating the
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loss of physically absorbed water molecules and the elimination of the water lattice in the
compound. The thermal degradation of the MMT-SA composite ranged from 13.82% to
16.45% at temperatures between 121 °C and 137 °C, with an observed endothermic peak
at 136 °C attributed to the removal of adsorbed surface water moisture in the composite
(Figure S3B-E). The exothermic peak observed at temperatures ranging from 231 °C to
287 °C corresponds to the breakdown of alginate chains in the hybrid composite, as
evidenced by its absence in the DSC curve of unblended MMT [28,29]. Another thermal
decomposition was observed between 752 °C and 757 °C due to volatilization of residual
SA carbons (Figure S3C-E) [30].
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Figure 2. (A) The digital photographs, SEM images, and (B) the corresponding schematic illustration
for MMT-SA microcapsule with different mixed mass ratios.

The MMT-SA microcapsule was fabricated using a cross-linking technique, as shown in
Figure 2B. The layered MMT consists of one Al-octahedral sheet sandwiched between two
opposing Si-tetrahedral sheets. The hydroxyl groups in silanol (S5i-OH) and/or aluminol
(Al-OH) groups existed in the internal, the external, and the edge surface areas. MMT’s
total negative charge originates from constant charge from the isomorphic substitution-
induced charge compensating cations, variable charge from the active groups on the surface,
and an opposite charge from various exchangeable cations [31]. SA consists of (1, 4)-linked
-D-mannuronic acid and «-L-guluronic acid units. There are abundant carboxyl groups
along its backbone, which could be used to connect to other compounds. SA’s total negative
charge originates from protonated carboxyl groups in acidic conditions [32]. SA interacted
with MMT to form complexes through anion—cation interaction and electrostatic attraction
and absorption, which was almost simultaneous with the cross-linking reaction. It should
be noted that multiple factors in SA absorbed on the MMT surface were not discussed in
this manuscript, such as functional groups in SA, exchangeable cations in MMT, and charge
value in all components, etc. Moreover, SA did not undergo intercalation into MMT.

Insufficient SA amount resulted in an inadequate cross-linking reaction, leading
to the formation of an unstably structured microsphere that disintegrated with a slight
disturbance or deformation with a changing environment. With an increased SA amount,
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the abundant COO~ from SA reacts with the Ca?* from the CaCl, solution to form a cross-
linked Ca-alginate. The cross-linking reaction is not controlled due to the CaCl, solution
being water-soluble. The stable structured microsphere with a three-dimensional network
structure has an obvious advantage in minimizing drug leakage within the digestive tract
microenvironment [33].

3.3. Different Mixed Mass Ratios for the MMT-SA Microcapsule

Digital photographs, the cross-sectional SEM images, and the corresponding size
distribution of the MMT-SA microcapsules with different mixed mass ratios are shown
in Figure 3. The stable spherical microcapsule exhibited a smooth shell and was non-
transparent white in a wet state and shrunken and wrinkled in appearance in a freeze-dried
state, while exhibiting uniform micropores as a freeze-dried microsphere. As the MMT
amount increases, the stable spherical microcapsule exhibits a darker appearance in the wet
state, a larger size in the freeze-dried state from 1.4 mm to 2.1 mm, and a more intact and
serried microcellular structure of the freeze-dried microsphere. The MMT-SA microcapsule
with mass ratio of 300:75 was selected as the optimized drug-encapsulation and controlled-
release vehicle used in oral administration, which resulted from overall considerations og
MMT’s toxic effects mentioned in the literature and the good microcellular structure in
this condition [34].
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Figure 3. Digital photographs, the cross-sectional SEM images, and the corresponding size distribu-
tion for MMT-SA microcapsule with different mixed mass ratios.

Additionally, the MMT-SA microcapsule showed a negative charge as shown in
Figure 54 and indicated that it could be adsorbed on the inflamed tissue in the intestinal
tract through electrostatic interaction [35]. Due to certain biological differences between
humans and other animals, the use of human-derived cells can better mimic biological
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processes in the human body and, thus, more accurately assess the safety and efficacy of
drugs. The MMT-SA microcapsule was non-toxic towards the intestinal drug absorption-
associated cells (human intestinal epithelial cells, HIEC-6 cells and human colonic epithelial
cells, NCM460 cells) as shown in Figure S5, according to the ISO-10993 Standard [36,37].

3.4. Drug Encapsulation and Release In Vitro for the WGX-50 Coated with
MMT-SA Microcapsule

The WGX-50 encapsulation and release in vitro for the WGX-50/MMT-SA microcap-
sule is shown in Figure 4. The WGX-50 encapsulation rate and loading rate is shown in
Figure 4A, and the WGX-50 concentration calibration curve is shown in the lower-right
corner. The WGX-50 encapsulation rate reached more than 90% when the WGX-50 amount
was under 50 mg and followed a slow growth in WGX-50 encapsulation rate with an
increasing WGX-50 amount. Hence, the optimal initial WGX-50 amount was 50 mg accord-
ing to the cost-effectiveness research, and the WGX-50 encapsulation rate in the MMT-SA
microcapsule was 99.60%.
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Figure 4. The WGX-50 encapsulation, where x is the absorbance (A) and release (B) in vitro for the
WGX-50/MMT-SA microcapsule.

FTIR was used to record the characteristic peaks of the WGX-50/ MMT-SA microcap-
sule in Figure S6. Peaks at 1657 cm !, 1534 cm !, 1513 ecm !, 1330 cm !, 1280 cm ™!, and
1260 cm ! were attributed to WGX-50. Peaks at 1657 cm ™1, 1534 cm !, and 1513 cm ™! in
the WGX-50/MMT-SA microcapsule indicated that WGX-50 was encapsulated in MMT-SA
microcapsule with surface adsorption rather than chemical bonding, which was beneficial
for drug encapsulation and controlled release. To investigate the phase transition char-
acteristics of the WGX-50/MMT-SA microcapsule, TG-DSC analyses were conducted, as
shown in Figure S7. The mass loss of WGX-50 occurred within the temperature range of
280440 °C, indicating the complete degradation of the compound. The endothermic peaks
observed at 130 °C and 404 °C correspond to the melting point and decomposition of the
crystalline WGX-50, respectively. However, in the DSC traces of WGX-50/MMT-SA, the
sharp peak associated with crystalline WGX-50 was no longer present. This suggests that
the WGX-50 lost its crystal structure during the encapsulation process within the MMT-SA
composite, transforming into an amorphous state within the microcapsules [38].

WGX-50 release behavior from the WGX-50/ MMT-SA microcapsule in simulated
digestive fluid in vitro is shown in Figure 4B. The WGX-50/MMT-SA microcapsule showed
a controlled fast release (32.42% and 61.66%) in alkaline environment (Simulated Intestinal
Fluid, SIF; Simulated Colonic Fluid, SCF), followed by a snail-like slow release (3.46%) in
an acidic environment (Simulated Gastric Fluid, SGF). WGX-50 release behavior from the
WGX-50/MMT-SA microcapsule in SGF and SIF seems to fit the Higuchi model, and the
release mechanism is Fick diffusion, indicating that WGX-50 adsorbed on the shell surface
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in small amounts while stored within the microcapsule in large amounts. The WGX-50
adsorbed on the shell surface could affect monitoring the adverse reactions but do not affect
the therapeutic effects. The WGX-50 release behavior from WGX-50/MMT-SA microcapsule
in SCF seems to fit with the First-order model, and the WGX-50 release rate correlates with
initial WGX-50 concentration [39]. Additionally, the release component n, the rate constant
k, and the correlation coefficient R? for the WGX-50/ MMT-SA microcapsule in simulated
digestive fluid in vitro are listed in Table S3.

3.5. Drug Release Mechanism and the Swell-Dissolution Model for the WGX50 Coated with
MMT-SA Microcapsule

The WGX-50 release mechanism and the swell-dissolution model for the WGX-
50/MMT-SA microcapsule are discussed in Figure 5. In SGF with an acidic environment,
the microcapsule structure was compact with a low swelling rate. This is attributed to the
—COOH of alginate being partially protonated and forming hydrogen bonds. The formation
of hydrogen bonds leads to increased intermolecular interactions, resulting in a denser
molecular network, making it more difficult for water molecules to enter the interior of the
microcapsule, thus reducing the swelling rate of the microcapsule.

¢ Oesophagus: Raw
<1 min
» Stomach: Swelling
1-4 h, pH 1-2.5
o
.»‘\qc"a; 4.

ALY
'Alginate-COOH+H "= Alginate-COOH,

« Small intestin: Swelling
1-6 h, pH 6.15-7.88
(& OH-

of Hyl’rogen—Bond action

cog Z
oH _HO
OH

Dissolution
OH'+Alginate-COOH=Alginate-COO+H,0

A~ /oHooc 0
ok

o>
) «° Hydrogen-’Bond action

(A)

Figure 5. The WGX-50 release mechanism (A) and the swell-dissolution model (B) for WGX-50/MMT-
SA microcapsule.

The total WGX50 slow release consists of surface desorption from WGX-50 adsorbed
on the microcapsule surface and microporous diffusion from WGX-50 stored within the
microcapsule. In SIF and SCF with an alkaline environment, the microcapsule structure was
loose with a high swelling rate. This phenomenon can be attributed to the increased levels
of OH™ interacting with the -COOH and ~OH within the microcapsules to form hydrogen
bonds, thereby weakening the intermolecular interactions and reducing the degree of
coiling and entanglement of the calcium alginate molecular chains, resulting in a looser
microcapsule structure and increased swelling [40]. Additionally, MMT could accelerate
the water molecules’ absorption, resulting in further swelling and dissolution of the MMT-
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SA microcapsule. The total WGX-50 burst release was attributed to the alkali corrosion
and microcapsule dissolution. Hence, the structural construction of the microcapsule is
beneficial for drug encapsulation and controlled release at a target-specific site.

4. Conclusions

In this study, we successfully prepared MMT-SA microcapsules with different ratios as
a delivery system for WGX-50, aiming to enhance the drug’s bioavailability. The addition of
MMT as a filler enabled the formation of spherical microcapsules with a dense and uniform
internal pore structure. The successful encapsulation of WGX-50 within the microcapsules
was confirmed through FTIR analysis. The WGX-50 loaded with MMT-SA microcapsules
exhibited minimal drug loss in the acidic environment of SGF, while demonstrating signif-
icant drug release in the alkaline environments of SIF and SCE. MMT-SA microcapsules
are considered to be an ideal drug-encapsulation and controlled-release vehicle for oral
treatment of colon diseases due to their good biosafety for human gastrointestinal cells
(HIEC-6 cells and NCM460 cells) as well as the improved microporous structure with
enhanced swell-dissolution properties in SIF and SCF (alkaline environment). And then,
the in-depth discussion on the absorption, distribution, metabolism, and excretion of the
drug molecule in the digestive tract, etc., is a starting point for the following work.
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MMT;-SA3 and (E) MMTj3-SAs5. Figure S4. Zeta potentials of MMT1-SA4, MMT1-SA6, MMT1-SAS8 in
different pH. Figure S5. Cytotoxicity evaluation of MMT-SA to (A) HIEC-6 cells and (B) NCM-460
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Abstract: Thermoplastic polyurethane (TPU) is a polymer used in a variety of fields, including
medical applications. Here, we aimed to verify if the brush and bar coater deposition techniques
did not alter TPU properties. The topography of the TPU-modified surfaces was studied via AFM
demonstrating no significant differences between brush and bar coater-modified surfaces, compared
to the un-modified TPU (TPU Film). The effect of the surfaces on planktonic bacteria, evaluated
by MTT assay, demonstrated their anti-adhesive effect on E. coli, while the bar coater significantly
reduced staphylococcal planktonic adhesion and both bacterial biofilms compared to other samples.
Interestingly, Pearson’s R coefficient analysis showed that R, roughness and Haralick’s correlation
feature were trend predictors for planktonic bacterial cells adhesion. The surface adhesion property
was evaluated against NIH-3T3 murine fibroblasts by MTT and against human fibrinogen and human
platelet-rich plasma by ELISA and LDH assay, respectively. An indirect cytotoxicity experiment
against NIH-3T3 confirmed the biocompatibility of the TPUs. Overall, the results indicated that the
deposition techniques did not alter the antibacterial and anti-adhesive surface properties of modified
TPU compared to un-modified TPU, nor its bio- and hemocompatibility, confirming the suitability of
TPU brush and bar coater films in the biomedical and pharmaceutical fields.

Keywords: thermoplastic polyurethane (TPU); brush; bar coater; topography; atomic
force microscopy (AFM); Haralick texture analysis; bacteria; cell adhesion; hemocompatibility

1. Introduction

Microbial colonization and biofilm formation on medical devices is a major pub-
lic health concern [1]. Scientists are searching for effective strategies to prevent device-
associated infections because the implantable devices such as prostheses, mechanical
heart valves, stents, or urinary catheters, although they may improve patients’ lives, they
could be colonized by planktonic bacteria aggregating in biofilms and causing infectious
diseases [2,3], which can become chronic and difficult to treat with antibiotics [4,5].
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Today, the antimicrobial resistance is responsible for circa 700,000 deaths per year [6],
a number that is expected to rise to 10 million by 2050, according to the World Health
Organization (WHO) [7].

In the field of biomaterial science, researchers are designing devices that, thanks
to their properties (e.g., surface texture), modifications (e.g., physical, chemical) [8], or
presence of antimicrobial agents, could be able to hinder the bacterial adhesion [6]. Prior
to the functionalization of a biomaterial with antimicrobial agents, it is very important
to demonstrate its biocompatibility [9-12] and to characterize its surface properties since
they can influence the cell behavior [13,14] and differentiation [15]. Properties such as
topography, roughness, pore size [13], which determine the biomaterial surface texture, can
affect the protein adsorption and consequently the cell adhesion [12,13,16], so that studying
them is fundamental.

Various methods, such as atomic force microscopy (AFM), transmission electron
microscopy (TEM), field emission scanning electron microscopy (FESEM), X-ray diffrac-
tion [17,18], and Fourier transform infrared (FTIR) spectroscopy [19], are known to study
the surface characteristics. However, an interesting and innovative method, based on the
analysis of an image of the material surface, is the measure of the Haralick’s features [20]:
a gray-level co-occurrence matrix (GLCM) is extracted from the image and reveals the
distribution of co-occurring pixel grayscale values [21]. For instance, the GLCM and its
Haralick features (e.g., contrast, variance, and correlation) are used in medicine to analyze
tumor heterogeneity [22], in magnetic resonance imaging (MRI) or X-ray images, as well as
to predict the prokaryotic and eukaryotic cell behavior onto a biomaterial.

A very versatile biomaterial used in medical applications such as catheters, wound dress-
ings, coatings, and drug delivery systems is represented by polyurethane (PU) [23-26], in
particular by thermoplastic PU (TPU). This polymer is composed of soft and hard segments,
polyols and isocyanates, respectively [24,26], whose proportions determine a different degree
of flexibility, toughness, and softness [23] and confer good mechanical properties. In addition,
TPUs have been shown to be durable, biocompatible, biostable [27], and hemocompatible
[28-30], making them suitable for biomedical applications.

TPUs could be also functionalized with antibacterial molecules, including antibiotics
and/or nanoparticles [31], which can be released after bacterial contact or by physicochemi-
cal surface modifications [8] to either prevent or reduce the bacterial adhesion, for example,
in the medical or food industry [32], where the antimicrobial property is required [33].

In our previous works [34,35], compression-molded TPU films were prepared and
characterized for different mechanical (e.g., tensile and adhesive properties) and thermal
characteristics. Different agents such as titanium dioxide, chitosan and silver nanoparticles
were added in the TPU mother solutions, which were used to coat the surface of TPU
films, in order to provide antibacterial activities with the aim to use these materials as
medical devices (e.g., probes, catheters, dynamic stents). In the cited work [35], we studied
the antibacterial effect of modified polyurethane films, whose modification consisted in
depositing the antibacterial coatings with brush and bar coater applicators to homogenously
distribute the solution and have an equal release of antibacterial agents from the surfaces.
Bare TPU solutions (non-containing antibacterial agents) were deposited with a brush and
bar coater on TPU films as well to be used as control [35].

In the present work, we used the bare TPU films modified on the surface by the brush
and bar coater to provide a further characterization of surface topography through AFM in
order to verify whether the surface modification would not have altered the biocompatible
properties of TPU Brush and Bar Coater films compared to the un-modified sample, that is,
the TPU Film. We evaluated the anti-adhesive effect of the surfaces against the planktonic and
biofilm cultures of Gram-negative Escherichia coli and the Gram-positive Staphylococcus aureus
bacteria. Interestingly, we performed a Pearson’s R coefficient analysis, which showed that
both R, roughness and Haralick’s correlation feature were trend predictors for the adhesion
of planktonic bacteria. Moreover, in this work, we provided a preliminary study of the
hemocompatibility (via human fibrinogen adsorption and human platelets adhesion) and
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further biocompatibility characterization, not performed in the previous works, of the TPU-
modified surfaces.

2. Materials and Methods
2.1. Material Preparation and Characterization

The thermoplastic polyurethane films studied in the present work were fabricated
and characterized as previously described [34,35]. Briefly, TPU films were prepared by
compression molding as substrate (named TPU Film) while TPU Brush and Bar Coater were
obtained by depositing mother solutions of TPU using a brush and a bar coater method,
respectively, which allowed a homogeneous distribution of the polymer solutions. The
materials’ characterizations like NMR spectroscopy, X-ray diffraction, thermogravimetric
analysis, differential scanning calorimetry as well as the wettability, have been described in
our previous works. In particular, the characterization analyses of TPU samples includ-
ing the main tensile properties (elastic modulus (E = 26.2 £ 1.4 MPa), maximum stress
(0max = 36.4 = 1.6 MPa), elongation at break (epeax = 1075 £ 44%), and wettability (6 = ~90°)
were published in the previous work [34], while the adhesion test results (maximum
force ~—0.3 N for compression and ~0.3 N for tension) of the bare TPU mother solution
were published in [35]. For further characterization, refer to the cited works.

2.2. Scanning Electron Microscopy (SEM)

TPU film, brush, and bar coater were observed using a Zeiss EVO-MA10 scanning
electron microscope (Zeiss, Oberkochen, Germany) with an accelerating voltage of 20 kV,
at 10k x and 40k x magnification.

2.3. Atomic Force Microscopy (AFM)

AFM topography images were obtained using a Nanowizard 4XP AFM (Bruker Nano
GmbH, Berlin, Germany) coupled to an upright optical microscope (Axio Zoom.V16,
Carl Zeiss, Iena, Germany). All measurements were conducted at room temperature
(RT) in water solution (NaCl 0.9%). Topography was measured in contact mode, using a
commercial AFM rectangular cantilever characterized by a conical tip with a hard diamond-
like coating in order to prevent wearing over different scans (model HQ:CSC17/Hard /Al
BS, u-Masch, Tallinn, Estonia). The tip radius is less than 20 nm with a full cone angle of
40° and a nominal tip height of 15 pm. The cantilever spring constant was determined
by means of the Sader method [36] and resulted to be K = 0.18 N/m. For each sample,
topography images (512 x 512 pixel) were collected on at least ten different, randomly
selected, 100 x 100 um? areas using a force setpoint of 30 nN.

AFM images were processed using the instrument software (JPKSPM Data Processing)
in order to remove tilt and calculate three surface roughness parameters: R, (Arithmetic
Average Roughness), Rq (Root Mean Square Roughness), and R; (Maximum Peak-to-
Valley Roughness).

2.4. Bacterial Cell Adhesion and Biofilm Formation
2.4.1. Bacterial Strains and Culture Conditions

The used microbial strains were Escherichia coli ATCC (American Type Culture Col-
lection, Manassas, VA, USA) 25922 (E. coli) and Staphylococcus aureus ATCC 25923 (S. au-
reus). E. coli bacteria were grown in Luria Bertani (LB) broth (ForMedium, Norfolk, UK),
overnight, under aerobic conditions at 37 °C using a shaker incubator (VDRL Stirrer 711/CT,
Asal S.rl., Milan, Italy) and S. aureus in Tryptic Soy Broth (TSB) (ForMedium). The number
of bacterial cells/mL of both cultures was determined by comparing the optical density
(ODggp) of the sample with a standard curve relating the OD to the cell number [37].

2.4.2. MTT Assay

Bacteria (10° /sample) were inoculated for 6 h at 37 °C on sterile TPU samples and in
tissue culture plates (TCP) used as control. Planktonic bacteria contained in the supernatant,
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after the desired incubation time, were removed and the samples were gently washed with
PBS 1x. They were transferred in clean wells where the viability of adherent bacteria was
evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay (Sigma-Aldrich, St. Louis, MO, USA) as described in our previous
work [35]. The experiment was performed in triplicate and repeated twice.

2.4.3. Biofilm Formation

Overnight cultures of bacteria were diluted to 107 /sample in LB containing 0.5%
glucose for E. coli and 0.25% for S. aureus [38] and incubated for 24 h at 37 °C on TPU film,
brush, and bar coater samples contained in 96-well culture plates (Euroclone S.p.a., Pero,
Italy). After the incubation time, the surfaces were washed and transferred, and the biofilm
viability assay was performed as previously described. The experiment was performed in
triplicate and repeated twice.

2.5. Texture Analysis of SEM Images

The texture of a gray-level image can be calculated through Haralick features; therefore,
it is possible to correlate these data with the observed biological parameters, namely the
number of bacteria in planktonic culture. For each SEM image of the materials without
bacteria, we have selected at least two regions of interest (ROIs) to measure the gray-
level co-occurrence matrix (GLCM) [39]. Then, for each GLCM, we have calculated one
Haralick’s feature: the “correlation” [20]. The correlation computes the amount of similarity
inside the GLCM and is a measure of the image’s pixel homogeneity.

2.6. Platelets’” Adhesion

Human platelet-rich plasma (hPRP) was obtained from Fondazione IRCCS Policlinico
San Matteo, Pavia (Italy). hPRP was isolated according to “Decreto Ministero della Salute
2 November 2015 n.69, Disposizioni relative ai requisiti di qualita e sicurezza del sangue e
degli emocomponenti” and “Accordo Stato-Regioni n.225/CSR 13 December 2018, Schema-
tipo di convenzione per la cessione del sangue e dei suoi prodotti per uso di laboratorio e
per la produzione di dispositivi medico-diagnostici in vitro”. The quantification of platelets’
adhesion to TPU samples was determined through lactate dehydrogenase (LDH) assay
(Sigma-Aldrich). Human platelets were diluted in 10 mM EDTA (VWR Chemicals, Milan,
Italy) at a concentration of 2 x 10% platelets/mL and seeded on sterile samples (film,
brush, bar coater) for 1 h at 37 °C [29]. After the incubation time, the supernatant was
removed, the samples washed three times with sterile PBS 1 x and transferred into clean
Eppendorfs. Lysis of adherent platelets was performed with 300 uL of 1% Triton X-100 on
ice [29], for 30 min. The Eppendorfs were centrifuged at 15,000 rpm, for 30 min, at 4 °C
and the supernatant was used to quantify LDH release according to the manufacturer’s
instructions. A titration curve with known concentration of platelets/mL was used to plot
the obtained absorbance.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Human fibrinogen (10 pg/mL) was immobilized on the three TPU types, overnight
at 4 °C, on agitation. The wells were washed three times with PBST (PBS 1x + 0.05%
Tween 20) and then blocked with BSA (bovine serum albumin) 3% in PBST at RT. After
that, anti-fibrinogen-HRP conjugated antibody (1:10,000) (Rockland Immunochemicals Inc.,
Pottstown, PA, USA) was incubated for 1 h at RT, on agitation. The wells were washed,
and the reaction was developed through OPD tablets (Sigma-Aldrich). The absorbance was
read at 450 nm with a reference wavelength of 620 nm [12]. The obtained absorbance was
related to a calibration curve containing known amounts of fibrinogen and expressed as
[ug/mL]/cmz.
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2.8. Fibroblasts” Viability

NIH-3T3 murine fibroblast cell line (ATCC CRL-1658) was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described in [40].
They were seeded either in wells or onto TPU samples to evaluate the biocompatibility of
TPU materials.

2.8.1. Indirect Experiment

DMEM medium was incubated overnight at 37 °C + 5% CO, on TPU Film, Brush, and
Bar Coater to evaluate the sample’s cytotoxicity. At the end of the incubation time, the
solution was 2-fold serial diluted and incubated with NIH-3T3 cells (2 x 10*/well) for 24 h
at 37 °C + 5% CO,. After incubation, the cells were washed with PBS 1x and incubated
with MTT (Sigma-Aldrich) for 3 h at 37 °C + 5% CO; [41]. The reaction was read at 595 nm
with the reference wavelength of 655 nm. Titration curve interpolation was used to express
the number of cells in each sample. The results were normalized to the number of cells
grown in a tissue culture plate (TCP), which was used as a control.

2.8.2. Direct Experiment

NIH-3T3 cells (6 x 10%) were seeded on TPU film, brush, and bar coater for 24 h at
37 °C + 5% COy. Viability of cells was evaluated through MTT as previously described.

2.9. SEM of Cells and Platelets

Bacteria (planktonic cultures and biofilms), platelets, and fibroblasts were incubated on
the three surfaces as previously described. After the desired incubation time, the samples
were gently washed with PBS 1x and fixed with glutaraldehyde 2.5% (Sigma-Aldrich) and
treated as described in [12]. Images of bacterial planktonic adhesion were acquired at 6k x
and 15k x magnifications, with biofilms acquired at 6k x and 30k X, platelets at 3k x and
10k x, and fibroblasts at 3k x.

2.10. Statistical Analysis

Statistics regarding biological data was carried out by considering the mean of the
results (in triplicate) obtained from two separate experiments. The analysis was performed
using GraphPad Prism 9 (GraphPad Inc., Boston, MA, USA). The analysis was performed
using Student’s unpaired, two-sided t-test (significance level of 0.05) in comparison to the
TCP control. In addition, one-way analysis of variance (ANOVA), followed by Bonferroni’s
multiple comparisons test, was performed [12].

3. Results
3.1. Evaluation of Morphological and Topographical Properties of TPUs

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used
to visualize the surface (Figure 1A) and the topography (Figure 1B) of the TPU Film (a,d-g),
Brush (b,h-m), and Bar Coater (c,n—q). Figure 1B reports representative images of the
topography of each of the three samples under investigation: Film (d—g), Brush (h-m), and
Bar Coater (n—q). Images were obtained by scanning a 100 x 100 um? area in different
regions over the surface. No sample-distinctive structural features could be observed. Yet
it can be observed that the bar coater-modified surface (n—q) looked flatter than the others.
The roughness of the surface was calculated through AFM (C).

Figure 1C shows the distributions of the three surface roughness parameters that have
been measured from each topography image; it can be observed that the lowest roughness
values were obtained for the TPU Bar Coater, providing an indication of a smoother surface
among the three samples.
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Figure 1. Thermoplastic polyurethane surface. Microscopic images (A) of thermoplastic polyurethane
(TPU) Film (a), Brush (b), and Bar Coater (c). SEM images were acquired at 10k x magnification
(scale bar 2 um), and insets at 40k x (scale bar 1 um). Morphological analysis (B) in four different
areas of TPU Film (d-g), Brush (h,i,l,m), and Bar Coater (n,o0,p,q). Roughness values (C) calculated
for the three samples on n = 10 images (topography 100 x 100 pum?). Average Roughness R, (a),
RMS Roughness Rq (b), Peak-to-Valley Roughness R; (c) for Film (blue), Brush (green), and Bar
Coater (red).

3.2. Evaluation of Planktonic Bacterial Adhesion on TPUs

The ability of planktonic bacteria to adhere on the TPU Film, Brush, and Bar Coater
was evaluated through an MTT viability assay (Figure 2A). Figure 2 shows the E. coli
viability (A,a) and distribution (B,a—c) on the three samples after 6 h of adhesion time,
whereas in panels (A,b) and (B,d—f) S. aureus data are reported.

Figure 2A shows that only 1% of Gram-negative E. coli (a) was viable after 6 h of
adhesion on TPU with respect to the TCP control, represented by bacteria which adhered
on the well surface. The non-adhesive properties of TPU against E. coli are independent
from the type of deposition method. Panel (b) shows, on the contrary, the opposite behavior
of Gram-positive S. aureus on TPUs: S. aureus was viable on Film (~50%), Brush (~70%),
and Bar Coater (~25%). A comparative summary table (Table 1) is reported as follow. The
data are supported by SEM images (Figure 2B).
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Figure 2. Bacterial adhesion on TPUs. E. coli (A, a; B, a—c) and S. aureus (A, b; B, d—f) were incubated
for 6 h at 37 °C on Film, Brush, and Bar Coater. After removal of supernatant, the viability of adherent
bacteria has been determined through MTT (A). Cell viability (%) was represented with respect to the
TCP control, consisting of bacteria grown in medium and set as 100% (red line). Data are represented
as the mean values of the replicates (1 = 3) & the standard deviation (SD), represented by the error
bars. Statistical analysis (*, #) indicates the analysis vs. TCP: p < 0.0001 (****), p < 0.01 (**), p < 0.05 (*¥).
One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples (#) within
bacterium (p < 0.05), was performed. Data not significant (p > 0.05) for E. coli. SEM images (B) of
E. coli (a—c) and S. aureus (d—f) bacterial adhesion on Film (a,d), Brush (b,e) and Bar Coater (c,f) were
acquired at 6k x magnification (scale bar 8 um), and insets at 15k x (scale bar 2 um).

Table 1. Summary of the adhesion onto TPU surfaces.

Adhesion
Planktonic
TPU Behavior Biofilm
Surface Predicted by PLTs hFg NIH-3T3
Haralick Analysis
E. coli S. aureus E. coli S. aureus
Film ~1% ~50% 80% 50% <0.5% ~15% <2.5%
Brush ~1% ~70% 70% 70% <0.5% ~15% <2.5%
Bar ~1% ~25% 60% 20% <0.5% ~20% <2.5%
Coater

3.3. TEXTURE Analysis of the SEM Images for the Prediction of the Bacteria Number in
Planktonic Cultures

The Haralick’s texture analysis was performed on the TPU Film, Brush, and Bar Coater.
SEM images, at 40k x magnification, were used to extract the Haralick correlation feature
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and to analyze the link between this feature and the bacterial adhesion (Figure 3). Moreover,
we have correlated the R, roughness to the bacterial adhesion (Figure 4).

In order to link the Haralick correlation feature of the material surface to the number
of bacteria in planktonic culture onto that surface, we have performed a Pearson analysis:
the Pearson R coefficient is the most common method to study a linear relationship; it is a
number between —1 and 1 that measures the strength and the direction of the relationship
between two variables, in our work, the Haralick correlation feature and the number of
bacteria in planktonic culture.

In Figure 3, we can see that the Haralick correlation is a trend predictor for the number
of bacteria (in fact, IRl > 0.9 for both bacteria). In particular, for E. coli, the number of
bacteria increases with an increasing Haralick’s correlation; on the other hand, for S. aureus,
the number of bacteria decreases with an increasing Haralick’s correlation. In addition,
major differences were found for the brush-modified surface, whereas minor differences
were found for the bar coater-modifiedsurface.
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Figure 3. Pearson analysis for Haralick correlation.

Figure 4 reports the rugosity R,, which is a trend predictor for the number of bacteria
(in fact, IRI > 0.85 for both bacteria). In particular, for E. coli, the number of bacteria
decreases with an increasing rugosity R,; on the other hand, for S. aureus, the number of
bacteria increases with an increasing rugosity R,. In addition, major differences were found
for the Brush surface, whereas minor differences were observed for the Bar Coater surface.
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Figure 4. Pearson analysis for rugosity R,.
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3.4. Effect of TPU Surfaces on Bacterial Biofilms

After the adhesion of planktonic bacteria, we have evaluated the ability of that bacteria
to form biofilms on the surfaces. Figure 5 shows that the bacterial biofilms grew on all
samples, although the bar coater-modified surface is able to reduce the E. coli biofilm
viability by circa 40% (A,a) and the S. aureus biofilm viability by circa 80% (A,b, Table 1).
The film surface can reduce the E. coli biofilm by circa 20% and the staphylococcal one by
circa 50%. The brush-modified surface, instead, showed the same percentage of reduction
(circa 30%) for both bacterial biofilms (A, Table 1). Panel B shows the SEM images of the
bacterial biofilms.

As reported in numerous papers in the literature [13,42,43], the surface roughness
is often correlated with high levels of biofilm formation as it increases the surface area
available for bacterial attachment. This helps to explain why, particularly on the TPU Brush
samples (which had the highest roughness compared to the Film and Bar Coater samples),
the biofilm viability of S. aureus was higher.

E. coli b S. aureus

80 80

60

Biofilm viability (%)
Biofilm viability (%)

S. aureus

Figure 5. Bacterial biofilm on TPUs. E. coli (A, a; B, a—c) and S. aureus (A, b; B, d—f) were incubated in
biofilm conditions on TPU Film, Brush, and Bar Coater for 24 h at 37 °C. After removal of supernatant,
viability of biofilms was determined through MTT (A). Biofilm viabilities (%) were reported with
respect to the TCP control, represented by biofilm grown in medium and set as 100% (red line). Data
are represented as the mean values of the replicates (1 = 3) & the standard deviation (SD), represented
by the error bars. Statistical analysis (¥, #) indicates the analysis vs. TCP: p < 0.001 (***), p < 0.01 (**), p
< 0.05 (*). One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples
(#) within bacterium, was performed: p < 0.05 (#) and p < 0.01 (##). SEM images (B) of E. coli (a—c)
and S. aureus (d—f) biofilms on Film (a,d), Brush (b,e), and Bar Coater (c,f) were acquired at 6k X
magnification (scale bar 8 um), and insets at 30k x (scale bar 2 um).

3.5. Evaluation of TPU Surface Effect on Platelets, Fibrinogen, and Cells Adhesion

To further characterize the biological properties of the TPU surfaces, the adhesion of
platelets, fibrinogen [44,45], and eukaryotic cells was evaluated [46].

Figure 6 shows data regarding platelets seeded for 1 h at 37 °C on the TPU Film, Brush,
and Bar Coater compared to the TCP control, represented by platelets adhered on a well
(red line). The data demonstrate that there is no significant difference between samples
and all three surfaces did not allow platelets to adhere (A) (<0.5% adhesion vs. TCP). The
results were due to the hydrophobicity of TPU, already reported by Villani et al. [34], and
our findings are in accordance with the literature [44,45]. Quantitative data are supported
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by SEM images (B). No activation of platelets was observed on either the control or samples,
since no bulbous and pseudopodia were present on the adhered platelet’s surface [46—48].
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Figure 6. Platelets adhesion. Platelets (PLT) were incubated for 1 h at 37 °C + 5% CO, on TPU samples:
Film, Brush, and Bar Coater. Viability has been determined through LDH assay on supernatant
(A). Data are represented as percentage of adherent platelets on TPUs with respect to the TCP
control, denoted by the platelets seeded in a well and set as 100% (red line). Data are shown as the
mean values of the replicates (n = 3) & the standard deviation (SD), represented by the error bars.
Statistically significant differences of samples vs. TCP were reported: p < 0.0001 (****). One-way
analysis of variance (ANOVA), followed by Bonferroni’s test between samples, showed no significant
difference between samples. After removal of supernatant, the adherent platelets on TPU surfaces
and on control glass were fixed and the SEM images (B) were acquired at 3k x magnification (scale
bar 20 um), and insets at 10k x (scale bar 2 pum). Platelets are indicated by arrows on the TPU samples.
No pseudopodia, characteristics of activated PLTs, were observed on either the control or the samples.

Furthermore, the capacity of fibrinogen to adhere on modified TPU surfaces was
evaluated, since the importance for platelets adhesion. The results, shown in Figure 7 and
Table 1, confirmed that a low percentage, with respect to the TCP control, could bind to
the surface [44]. There is no significant difference between film and brush, whose surfaces
displayed circa 15% of fibrinogen adhesion. The Bar Coater surface, on the contrary,
demonstrated an ability to bind circa 20% of the protein compared to TCP control.
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Figure 7. Fibrinogen quantification. Human fibrinogen (hFg) was incubated, overnight at 4
°C, on TPU Film, Brush, and Bar Coater. The adherent protein on TPU was detected through
an anti-fibrinogen HRP-conjugated antibody and quantified via ELISA assay. Data are represented as
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percentage of adherent hFg on TPU materials with respect to the TCP control (red line). Data are
shown as the mean values of the replicates (n = 3) & the standard deviation (SD), represented by the
error bars. Statistically significant differences of samples vs. TCP were reported: p < 0.0001 (****),
p < 0.01 (**). One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples
(#), was performed: p < 0.05.

Finally, the biocompatibility and the adhesive properties of TPU vs. NIH-3T3 fibrob-
lasts were assessed [49,50] and are shown in Figure 8 and summarized in Table 1. Panel
A reports data obtained from the indirect cytotoxicity assay, where the content of TPU,
released overnight in the cell medium, was tested on cells. As shown in the figure, only the
undiluted solutions, recovered from Film and Bar Coater, reduced the fibroblast viability of
circa 20% with respect to the TCP control (red line), represented by cells grown in a well.
On the other hand, the more diluted solutions were not toxic for the cells, as illustrated
in the figure. No significant differences between samples were observed. Finally, panel
B reports the percentage and the SEM images of NIH-3T3 cells” adhesion onto the three
surfaces. Fibroblasts’ adhesion on all surfaces was <2.5% with respect to TCP control.
Significant differences were observed with respect to the TCP. The very low fibroblast
adhesion was due to the hydrophobic nature of the TPU [35], which led to a reduction in
protein adsorption (Figure 7) and, consequently, to low cell adhesion [51].

>
@©

120 1
F 100 g
< c
Z 80 2 -
= Q 50 § ~—
i o : 4 2 Bl
> ©
< 40 § = Fkokk
3 -+ Film 3 2.5
20~ = Brush Horkk Heex
-+ Bar Coater r*1
0 T T T T 0.0 &1 T T
¥ 3
g g g N> & o« &
Release TPU sample’ content ‘9‘

Figure 8. Cell viability (A) and adhesion (B). NIH-3T3 cell medium was incubated with TPU samples
overnight at 37 °C + 5% CO,. The released content of polymer from the samples was 2-fold diluted
and incubated with NIH-3T3 cells for 24 h. The viability was evaluated through MTT colorimetric test
(A). Data are shown as percentage of cell viability with respect to TCP control (red line) represented
by cells grown in a well. Statistical analysis reported no significant differences (p > 0.05) with respect
to TCP control and between samples. Cells were seeded on TPU samples for 24 h at 37 °C + 5% CO,
(B). The viability of adherent cells was evaluated through MTT. Data are shown as percentage of
cell adhesion with respect to TCP control (red line). Data are represented as the mean values of the
replicates (1 = 3) & the standard deviation (SD), denoted by the error bars. Statistics indicates the
analysis vs. TCP: p < 0.0001 (****). ANOVA analysis was performed, and no significant differences
(p > 0.05) were observed. SEM images of the cell adhesion on TPU surfaces were acquired at 3k x
(scale bar 20 um).

4. Discussion

The development of biomaterials with specific characteristics is crucial for their appli-
cation in medicine and in tissue engineering. Surface topography as well as wettability [13]
play an important role in prokaryotic and eukaryotic cells” adhesion.

In this work, we studied whether the different deposition methods of a TPU solution,
distributed by brush and bar coater applicators on TPU substrates (TPU film) [35], would
have altered the TPU-modified surfaces” topography and would have affected their anti-
adhesive and biological properties.

In this study, the texture analysis of three surfaces has been performed by AFM,
which provided information regarding the TPU-modified surfaces” roughness, compared
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to the un-modified one (TPU Film). The roughness parameters [13,52], which measure the
different height between areas of a surface [53], are important for evaluating prokaryotic
and eukaryotic cells-biomaterial interaction.

The obtained AFM topography data confirmed that no characteristic traits were
present on the surfaces. They were smooth, but the bar coater-modified surface was flatter
than the others, probably due to the type of TPU deposition [35]. What further bolstered our
findings was the fact that the bar coater sample displayed a notably narrower dispersion of
results when compared to Brush and Film. As reported by the literature [2,54] the different
type of deposition methods can vary the roughness of the surface and, consequently, the
interaction with cells. The anti-adhesive effect of the modified surfaces was evaluated
against planktonic cultures of Gram-negative E. coli and Gram-positive S. aureus. Briefly,
the viability of planktonic adherent bacteria was assessed after 6 h vs. the TCP control,
represented by bacteria grown in a well. The obtained data demonstrated the anti-adhesive
effect of Film, Brush and Bar Coater surfaces against E. coli. Staphylococcal cells, instead,
displayed major adhesion on the brush-modified surface and minor adhesion on the Bar
Coater’s. As known in the literature, the surface characteristics such as roughness, wettabil-
ity (hydrophilicity and hydrophobicity), play a fundamental role for cell adhesion [13,52].
A better adhesion of prokaryotic and eukaryotic cells, indeed, is observable both on rough
surfaces, since they present more areas to let cells anchor [55], and on hydrophilic sur-
faces [13]. For this reason, we explain why the higher staphylococcal adhesion is observable
on the brush-modified surface [2]. However, the opposite bacterial behavior, displayed by
planktonic E. coli and S. aureus bacteria, could be explained by their different characteristics
mainly in the cell wall and motility [56-58] since they belong to Gram-negative and Gram-
positive strain, respectively. Interestingly, we performed Pearson’s R coefficient analysis,
which showed that both R, roughness and Haralick correlation feature [59-61], were trend
predictors for the adhesion of planktonic bacterial cells.

We evaluated the ability of adherent bacteria to form biofilms, which are complex
microbial communities protected by a self-produced polysaccharide matrix [2,62,63]. The
obtained data showed that the brush-modified surface favored, as supported by the litera-
ture [2], the formation of both biofilms, whereas the bar coater’s smooth surface reduced
them. The surfaces, since they did not contain antibacterial agents, were not able to inhibit
the formation of both biofilms, as reported in the literature [64].

Furthermore, we evaluated the platelets” adhesion and the fibrinogen adsorption on
brush- and bar coater-modified surfaces, and their biocompatibility for a potential use as
coatings in cardiovascular devices. Our findings showed that both surfaces, compared
to the TPU Film, did not release any toxic compound for cells [28]. Moreover, from
platelets” adhesion and fibrinogen adsorption analyses [27-29], important for a preliminary
evaluation of the hemocompatibility [65], and from the assessment of fibroblasts” adhesion,
we confirmed the anti-adhesive effect of TPU and of its brush- and bar coater-modified
surfaces. These results are supported by the hydrophobic nature of the TPU [34], which
causes proteins to be adsorbed onto the surface in a denatured state [13], not allowing
platelets [27-29] and fibroblasts to adhere [66].

5. Conclusions

In this study, a brush and bar coater, both interesting for the deposition of polymer
solutions on TPU films, were able to modify the surface topography of the TPU material
by changing the surface roughness. However, these changes did not significantly alter the
anti-adhesive properties of the TPU-modified surfaces, as well as their ability to hinder hu-
man fibrinogen adsorption, human platelets’, and fibroblasts” adhesion. However, further
analyses, both in vitro and in vivo, will be required to confirm all this experimental evi-
dence. Finally, using Pearson’s analysis to correlate the bacterial adhesion with roughness
data and with Haralick’s correlation feature, we confirmed how important it is to have a
good characterization of the surface as a predictor of the cell-material interaction.
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Abstract: Montmorillonite has been refined to overcome uncertainties originating from different
sources, which offers opportunities for addressing various health issues, e.g., cosmetics, wound
dressings, and antidiarrheal medicines. Herein, three commercial montmorillonite samples were
obtained from different sources and labeled M1, M2, and M3 for Ca-montmorillonite, magnesium-
enriched Ca-montmorillonite, and silicon-enriched Na-montmorillonite, respectively. Commercial
montmorillonite was refined via ultrasonic scission-differential centrifugation and labeled S, M, or L
according to the particle sizes (small, medium, or large, respectively). The size distribution decreased
from 2000 nm to 250 nm with increasing centrifugation rates from 3000 rpm to 12,000 rpm. Toxico-
logical evaluations with human colon-associated cells and human skin-associated cells indicated
that side effects were correlated with excess dosages and silica sand. These side effects were more
obvious with human colon-associated cells. The microscopic interactions between micro/nanosized
montmorillonite and human colon-associated cells or human skin-associated cells indicated that
those interactions were correlated with the size distributions. The interactions of the M1 series with
the human cells were attributed to size effects because montmorillonite with a broad size distribution
was stored in the M1 series. The M2 series interactions with human cells did not seem to be corre-
lated with size effects because large montmorillonite particles were retained after refining. The M3
series interactions with human cells were attributed to size effects because small montmorillonite
particles were retained after refining. This illustrates that toxicological evaluations with refined

montmorillonite must be performed in accordance with clinical medical practices.

Keywords: refine; montmorillonite; toxicological evaluation; microscopic interaction; clinical

medical orientation

1. Introduction

Montmorillonite (MMT) is obtained from natural bentonite and used in various fields
because of its natural abundance, cost-effectiveness, and nontoxic nature [1-3]. MMT
has the chemical formula (Na, Ca)g33(Al, Mg, Fe),[(5i, Al)4O10](OH),-4H,0O, containing
one Al-octahedral sheet and two Si-tetrahedral sheets. These elements, such as Si, Al, Fe,
Ti, and Mn, could cause side effects in clinical medical studies, which might be due to
silicon-containing minerals, iron-containing minerals, and titanium-containing minerals [4].
Several treatments and chemical methods have been used to refine MMT in laboratories
and industry, such as sieving, sonication, sedimentation or centrifugation, and even long-
term sedimentation combined with sonication and/or centrifugation [5,6]. In addition,
selective dissolution under acidic or alkaline conditions was used to remove soluble salts,
carbonates, organics, and toxic elements.
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Refined MMT has been studied for various common health applications, such as
cosmetics [7,8], wound dressings [9-13], and anti-diarrhea medicines [14], owing to the
uniform bidimensional particle shapes, high length-to-height ratios, inherent stiffness,
dual charge distribution, chemical inertness, biocompatibility, and active sites on the
surface [15-18]. The results of these studies have attracted the interest of scientists and
biotechnologists since micro/nanosized materials might also exhibit the same micro/nano
biological interactions because one functional dimension is outside the nanoscale range of
1 nm to 100 nm, whereas organ-modified micro/nanosized materials might have uncertain
effects on micro/nanobiological interactions [19-22]. The material parameters included
size, shape, surface chemical characteristics, and surface topological structure, whereas
the biological information included signaling molecule transmission, cell internalization,
tissue distribution, and organ filtration [23-26]. Therefore, the refinement of MMT with a
controllable length-radius and toxicological evaluation of refined MMT must be carried
out in accordance with clinical methods, which will enable standardized evaluation in
micro/nanobiological studies. Overall, the factors influencing MMT material information
and cell biological information, such as the toxicological effects on human-derived cell lines
and MMT=cell interactions, should be considered.

As shown in this manuscript, MMT refining for medical use required evaluation of
trace impurities and size distribution, which were neglected in traditional MMT refining,
i.e., the MMT content was the main criterion. Toxicological evaluations of refined MMT
with human colon-associated cells and human skin-associated cells have been performed
because oral administration and external use of MMT are the main medical utilization
directions. Three commercial MMTs were described according to their sources, i.e., Ca-
MMT (M1), magnesium-enriched Ca-MMT (M2), and silicon-enriched Na-MMT (M3).
Commercial MMTs were refined through ultrasonic scission-differential centrifugation and
divided into three categories. The material characteristics of the commercial MMT and the
refined MMT were measured via X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier
transform infrared (FTIR), differential scanning calorimetry (DSC-TG), scanning electron
microscopy (SEM), and DSL. In addition, micro/nano MMT-human cell line interactions
were investigated.

2. Materials and Methods
2.1. Materials

MMTs were obtained from Sand Technology Co., Ltd. (Ezhou, China) and labeled
M1, M2, and M3 for Ca-MMT, magnesium-enriched Ca-MMT, and silicon-enriched Na-
MMT. Human umbilical vein endothelial cells (HUVECs), human intestinal epithelial cells
(HIEC6), and human colonic epithelial cells (NCM460) were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA, USA). Human immortalized keratinocytes
(HaCaT) were obtained from Changsha Abiowell Biotechnology Co., Ltd. (Changsha,
China). A Cell Counting Kit-8 (CCK-8) was obtained from Beijing Lablead Biotech Co., Ltd.
(Beijing, China).

2.2. Processed MMT with Ultrasonic Scission-Differential Centrifugation

The MMT was refined through ultrasonic fission-differential centrifugation. In brief,
2.5 g of MMT was mixed with 50 mL of water to form an MMT suspension and sonicated
at 750 W for 10 min. Subsequently, the sonicated MMT suspension was centrifuged at
3000, 6000, and 12,000 rpm to collect the sediment. The centrifuged supernatant was
reserved for subsequent centrifugation. The Ca-MMT, magnesium-enriched Ca-MMT, and
silicon-enriched Na-MMT were labeled M1, M2, and M3, respectively. Sonicated M1, M2,
and M3 were centrifuged at 3000 rpm for 10 min to collect M(1,2,3)-L with large particles.
Subsequently, the supernatant was recentrifuged at 6000 rpm for 10 min to collect the
medium M(1,2,3)-M particles. The supernatant was recentrifuged at 12,000 rpm for 10 min
to collect small M(1,2,3)-S particles. All sediments were cleaned with deionized water
1-3 times and then dried overnight at 60 °C.
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2.3. Characterization

Scanning electron microscopy (SEM) images were recorded using an MIRA3 LMU
scanning electron microscope from Tescan (Brno, Czech Republic). The vacuum pressure
was 5 x 1073 Pa, and the accelerating voltage was 20 kV. All samples were suspended in
deionized water at a concentration of 1 mg/mL, and then the solutions were dripped onto
silicon slices and freeze-dried for 2 h. The X-ray diffraction (XRD) data were recorded using
a TD-3500 instrument from Dandong Tongda Science & Technology Co., Ltd. (Dandong,
China). The wavelength of the copper anode was A(Kx) = 0.15406 nm. Fourier transform
infrared (FTIR) spectra were recorded using a TENSOR II instrument from Bruker (Berlin,
Germany). The spectra were scanned over the range of 400 to 4000 cm . X-ray fluorescence
(XRF) data were recorded using an Axios mAX wavelength dispersive XRF spectrometer
from PANalytical B.V. (Almelo, The Netherlands).

2.4. Toxicological Evaluation and Interaction Observation

Cell culture. Human skin-associated cell lines were incubated at 37 °C with 5% CO,
in DMEM containing 10% FBS and 1% Pen/Strep, i.e., the HUVEC line and HaCaT cell line.
Human colon-associated cells were incubated at 37 °C with 5% CO, in RPMI 1640 medium
supplemented with 10% FBS and 1% Pen/Strep, i.e., the HIEC6 cell line and the NCM460
cell line. Single cells were isolated from 0.25% trypsin-EDTA solutions and cultured in
the medium.

Toxicological evaluation. The cell lines were incubated for 12-24 h in 96-well cell
culture plates (2 x 10% cells/well) with different culture media and then incubated for 24 h
in fresh culture media supplemented with MMT solutions at concentrations ranging from
0 to 300 ug/mL. CCK-8 was used to evaluate the cell survival rate by detecting formazan
(450 nm) produced by the reduction of dehydrogenase in living cells. Cell viability was
calculated as follows:

Cell viability = (ODexperiment)/ (ODcontrot) X 100%

Interaction observations. The cell lines were incubated for 12-24 h in 12-well cell
culture plates (1 x 10* cells/well) with different culture media and then incubated for 24
h in a fresh culture medium containing 200 ug/mL MMT solution. The treated cell lines
were fixed for 24 h in 2.5% glutaraldehyde and then dehydrated in a graded ethanol series
for SEM observation.

2.5. Statistical Analyses

The mean and standard deviation (S.D.) were calculated from the original data. All
studies were conducted with three independent biological replicates. Statistical analyses
were conducted with ANOVA and subsequent Student’s ¢ tests. p-values less than 0.05,
0.005, and 0.0005 were considered significant at the *, **, and *** levels, respectively.

3. Results and Discussion
3.1. Material Characterization and Toxicological Evaluation of MMT

The XRF results for the MMTs from different sources are shown in Table 1. Ca-MMT
and Na-MMT had different Ca and Na contents. The chemical contents in M1 decreased in
the order Si, Al, Mg, Ca, Fe, F, Na, K, Tj, etc. The high Si content in M1 was attributed to
silicon-containing minerals. The chemical element contents in M2 decreased in the order Si,
Mg, Al, Fe, Ca, Na, F, K, Cl, Tj, etc. The high Mg content and Si content in M2 were attributed
to magnesium-containing minerals and silicon-containing minerals. The element contents
in M3 decreased in the order Si, Al, Mg, Fe, Na, Ca, Ti, E, K, S, etc. The high Si content and Fe
content in M3 were attributed to silicon-containing minerals and iron-containing minerals.
Metal ions such as Ca, Fe, and Zn are essential trace elements associated with human
health. Ca intake, according to the WHO recommendation, should be 1000-1200 mg/d; the
blood Ca concentration in adults is approximately 2.25-2.75 mmol/L; the total Ca content
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in adults is 850-1200 kg; and excess calcium intake or overload of Ca stores could induce
diseases due to broken ion homeostasis. According to the WHO recommendations, the
Fe intake should be 8-10 mg/d, the blood Fe concentration in adults is approximately
1.1-1.6 mol/L, the total Fe content in adults is 4-5 g, and excess Fe intake or overload of
iron stores could induce diseases due to reactive «OH radicals. The Zn intake, according to
the WHO recommendation, should be 8-11 mg/d; the blood Zn concentration in adults is
approximately 11-18 umol/L; the total Zn content in adults is 2-3 g; and excess Zn intake or
overload of Zn stores could induce diseases due to disrupted ion homeostasis and impaired
immune function. In addition, metal ions with different hemostatic mechanisms are used
in wound healing; for example, Ca accelerates thrombosis by facilitating the conversion
of prothrombin to thrombin, Fe stabilizes thrombin and plays a role in accelerating blood
coagulation, and Zn is involved in all stages of wound healing.

Table 1. Characterization evaluation of MMT via XRF.

Oxide Contents by Analysis, wt %

Sample SiO, ALO3; MgO Na,O Fey03 CaO TiO, MnO K,O 71O, SOs3 Cl F
M1-RAW 65554 20.309  7.400 0.568 2.001 2.575 0.156 0.071 0.286 0.014 0.034  0.027 0.955
M2-RAW  55.685 14.886 23.884  0.630 1.787 1.609 0.134 0.031 0.290 0.012 0.092 0302 0.613
M3-RAW  61.369 20.793 4.860  3.757 3940  2.493 1410 0.010 0.228 0.025 0.371 0.059 0.535

The XRD patterns of the MMT samples from different sources are shown in Figure 1A.
According to the M1 XRD results in Supplementary Materials Table S1, reflections were
observed at 19.79°, 35.17°, 53.98°, and 61.88°, which were consistent with the Ca-MMT
standard card (JCPDS Card No. 00-058-2007). The strongest reflection was located in the
4-8° range, which was ascribed to the 001 plane in MMT, and the basal spacing, dgg1, was
calculated as approximately 1.48 nm. These reflections were observed at 21.86°, 22.75°,
27.97°, and 73.02°, which were consistent with the standard card for cristobalite (JCPDS
Card No. 00-039-1425), the standard card for quartz (JCPDS Card No. 01-070-2537), the
standard card for albite (JCPDS Card No. 00-010-0393), and the standard card for illite
(JCPDS Card No. 00-029-1496). According to the M2 XRD results in Table S2, reflections
were observed at 19.79°, 35.08°, 53.95°, and 62.09°, which were consistent with the Ca-MMT
standard card (JCPDS Card No. 00-058-2007). The strongest reflection was located in the
4-8° range, which was ascribed to the 001 plane in MMT, and the basal spacing, dpg;, was
approximately 1.49 nm. These reflections were observed at 18.61°, 38.00°, 50.82°, 58.66°,
and 68.35°, which were consistent with the standard card for brucite (JCPDS Card No.
00-007-0239). These reflections were observed at 21.97°, 26.68°, 29.51°, and 73.02°, which
were consistent with the standard card for cristobalite (JCPDS Card No. 00-039-1425), the
standard card for quartz (JCPDS Card No. 00-033-1161), the standard card for calcite (JCPDS
Card No. 00-047-1743), and the standard card for illite (JCPDS Card No. 00-029-1496).
According to the M3 XRD results in Table S3, reflections were observed at 19.86°, 34.85°,
54.08°, and 62.01°, which were consistent with the Na-MMT standard card (JCPDS Card No.
00-029-1498). The strongest reflection was located in the 4-8° range, which was ascribed
to the 001 plane in MMT, and the basal spacing, dgy1, was approximately 1.37 nm. These
reflections were observed at 26.74°, 28.07°, and 73.04°, which were consistent with the
quartz standard card (JCPDS Card No. 01-070-2537), albite standard card (JCPDS Card No.
00-010-0393), and illite standard card (JCPDS Card No. 00-029-1496), respectively. Therefore,
these XRD patterns indicated that MMT was the dominant mineral. The impurities include
brucite, quartz, cristobalite, calcite, albite, illite, etc., which can cause side effects in humans.
For example, quartz enhances the production of reactive oxygen species and results in
oxidative damage [27-29].
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Figure 1. Characterization and toxicological evaluation of MMT via (A) XRD, (B) FTIR, and (C) CCK-
8. M1-RAW: unrefined Ca-MMT, M2-RAW: unrefined magnesium-enriched Ca-MMT, M3-RAW:
unrefined silicon-enriched Na-MMT. The P value was determined by ANOVA and Student’s  tests.

% p < 0.0005.

The FTIR spectra of MMT from different sources are shown in Figure 1B. The struc-
tural O-H stretching vibration of alumina was located at approximately 3633 cm !, the
O-H stretching vibration of water was located at approximately 3433 cm !, the O-H
deformation vibration of water was located at approximately 1638 cm~!, and the O-H

deformation vibration at approximately 1638 cm™

1

was correlated with the water content

in MMT, indicating a high water content in M3. For the Si-O bonds in MMT, the Si-O-5i
stretching vibration was located at approximately 1037 cm~!, the Si-O-Si stretching vi-
bration was located at approximately 622 cm ™!, the Si-O-Al deformation vibration was

located at approximately 523 cm™

1 and the Si-O-Si deformation vibration was located

at approximately 466 cm~!. For the Al-O bonds in MMT, the Al-Al-OH deformation
vibration band was located at approximately 914 cm~!, the Al-Fe-OH deformation vi-

bration band was located at approximately 840 cm™

1, and the strength of the Al-Fe-OH

deformation vibration band was correlated with the Fe content in MMT, indicating a high
Fe content in M3. In addition, the Si-O stretching vibration was located at approximately
840 cm~! and attributed to silica sand, and the Mg-OH stretching vibration was located at

approximately 3697 cm™

1 and attributed to brucite, which was observed in M2. Therefore,

the FTIR data indicated that MMT contained Si—-OH and Al-OH, and Si—-OH or AlI-OH at
the structural or basal sites would cause constant charges, while surface -OH at edge sites
would cause variable charges. Additionally, the net negative charge could facilitate MMT

149



J. Funct. Biomater. 2024, 15,75

interactions with cationic molecules, and contact with opposite charges could facilitate
MMT—cell interactions.

Toxicological evaluations of MMT from different sources with human colon-associated
cells and human skin-associated cells are shown in Figure 1C. For M1, the cell survival
rate of the HaCaT cell line was above 80% until the maximum amount was added; the
cell survival rate of the HUVEC line was close to 80% with 50 pg/mL M1 treatment and
decreased at a constant rate until the maximum addition, whereas the survival rates of the
NCM460 cell line and HIEC-6 cell line were close to 80% after 25 pug/mL M1 treatment and
decreased rapidly until the maximum addition. For M2, the survival rates of HaCaT cells
and HUVECs were greater than 80% until maximum addition, and the survival rates of
NCM460 cells and HIEC-6 cells were greater than 80% before treatment with 200 pug/mL
M2. For M3, the survival rates of HaCaT cells and HUVECs were greater than 80% until the
maximum addition, whereas the survival rates of the NCM460 cells and HIEC-6 cells were
approximately 80% after treatment with 50 ug/mL M3, followed by a sudden decrease after
treatment with 100 ug/mL M3. These results indicated that the side effects seem to correlate
with excess dosages and the amounts of silica sand, and they were much more obvious in
human colon-associated cells than in human skin-associated cells. In addition, MMT and
brucite were harmless to human colon-associated cells and human skin-associated cells.
Therefore, MMT refining must be carried out in accordance with clinical practices, which
would overcome the uncertainties originating from different sources.

3.2. Material Characterization of Refined MMT

SEM images of MMTs from different sources are shown in Figures 2A, S1 and S2.
The MMT aggregates with multilateral rhombus shapes formed inhomogeneous MMT
sheets. Refined MMTs with homogeneous shapes and controllable sizes were obtained
through ultrasonic fission-differential centrifugation, and the large MMT sheets were still
aggregated and had thick laminated structures. Medium-sized MMT sheets were scattered
and had a thin laminated structure. Small MMT sheets were exfoliated and had an ultrathin
laminated structure. In addition, the average thickness of the MMT sheets decreased with
an increasing centrifugation rate from 3000 rpm to 12,000 rpm.

The size distributions of the refined MMT prepared with centrifugation rates ranging
from 3000 rpm to 12,000 rpm are shown in Figure 2B. For the M1 series, the centric
size distribution ranged from 0.1 to 5.0 um, and the average size was close to 1300 nm.
The average size of refined M1 decreased from 500 nm to 250 nm with an increasing
centrifugation rate. In addition, the centric size distributions of the widths and heights
seemed almost the same in the M1 series. For the M2 series, the centric size distribution
ranged from 1.0 to 5.0 um, and the average size was close to 2000 nm. The average size of
refined M2 decreased from 2300 nm to 1100 nm with an increasing centrifugation rate. In
addition, the centric size distribution narrowed with decreasing average size. For the M3
series, the tricentric size distribution for M3 ranged from 0.2 nm to 9.0 um, the tricentric
size distribution for M3-L ranged from 0.1 nm to 7.0 um, the centric size distribution for
refined M3-M ranged from 0.1 nm to 5.0 pm with an average size close to 350 nm, and the
centric size distribution for refined M3-S ranged from 0.1 nm to 1.0 pm with an average
size close to 250 nm. In addition, the centric size distributions narrowed with decreasing
average sizes. These results indicated that the size distributions decreased with increasing
centrifugation rates from 3000 rpm to 12,000 rpm, and MMT was refined to give different
size distributions through ultrasonic fission-differential centrifugation.
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Figure 2. Characterization of refined MMT via (A) SEM, (B) DSL, and (C) XRD. The refined MMTs
with small, medium, and large particle sizes were labeled S, M, and L, respectively.

The XRD patterns of the refined MMT are shown in Figure 2C. For the M1 series,
reflections for Ca-MMT, cristobalite, and albite were observed in the XRD patterns. The
(003) reflection of Ca-MMT was visible in the M1 series, which was attributed to its
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content and instrumental characteristics. The (101) reflection of cristobalite was almost
indiscernible with a decreasing size distribution, which was attributed to its content. The
(002) reflection for albite broadened with decreasing size distribution, which was attributed
to structural defects. The (117) reflection of illite was almost indiscernible in the M1 series,
which was attributed to the content and instrumental characteristics. For the M2 series,
reflections for Ca-MMT, brucite, cristobalite, quartz, and calcite were observed in the XRD
patterns. The (100) peak for the Ca-MMT increased with decreasing size distribution, which
was attributed to the presence of an intact structure. The (101) reflection of cristobalite
broadened with decreasing size distribution, which was attributed to structural defects.
The intensities of these brucite reflections increased with decreasing size distribution,
which was attributed to the brucite content and particle sizes. The (117) reflection of
illite was almost indiscernible in the M2 series, which was attributed to its content and
instrumental characteristics. For the M3 series, the reflections of Na-MMT, quartz, and
albite were observed in the XRD patterns. The (001) peak for Na-MMT increased with
decreasing size distribution, which was attributed to an intact structure. The intensities of
the reflections for the quartz grains increased with decreasing size distribution, which was
attributed to the quartz content and particle sizes. The (002) reflection for albite increased
with decreasing size distribution, which was attributed to the intact structure. The (117)
reflection of illite was almost indiscernible in the M1 series, which was attributed to the
content and instrumental characteristics. Therefore, the XRD results indicated that some
impurities were difficult to remove from the refined MMT, and these impurities did not
seem to correlate with the size distribution. In addition, selective dissolution under acidic
or alkaline conditions was used to remove soluble salts, carbonates, organics, and toxic
elements.

3.3. Toxicological Evaluation of the Refined MMT

Toxicological evaluations of refined MMT with human colon-associated cells and
human skin-associated cells are shown in Figure 3. For human colon-associated cells, the
cell survival rate with the refined M1 series was close to 80% with 50 pg/mL refined M1
and then decreased at a flat rate until maximum addition. The cell survival rate with the
refined M2 series was close to 80% with the 100 pg/mL treatment, and the cell survival
rate for the refined M2-S was above 80% until maximum addition. The cell survival rate for
the refined M3 series was close to 80% with the 50 pg/mL treatment and then decreased
rapidly until the maximum addition. For human skin-associated cells, the cell survival
rate with the refined M1 series was greater than 80% until maximum addition, the cell
survival rate with the refined M2 series was greater than 80% until maximum addition,
and the cell survival rate with the refined M3 series was greater than 80% until maximum
addition, but we excluded the HUVEC line with the 200 ug/mL M3 series treatment. These
results indicated that the impurities were correlated with excess dosages and the amount
of silica sand, and they were much more obvious in the human colon-associated cells than
the human skin-associated cells. In addition, MMT and brucite are harmless to human
colon-associated cells and human skin-associated cells.
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Figure 3. Toxicological effects of refined MMT on human colon-associated cells (HIEC 6 and NCM460)
and human skin-associated cells (HaCaT and HUVECs). The p value was determined by ANOVA
and Student’s ¢ tests. ** p < 0.005, *** p < 0.0005.

3.4. MMT-Human Cell Interactions

SEM images of MMT-human cell interactions are shown in Figure 4. In the literature,
the cellular morphologies in SEM images were described as round and slender. The cell
surface exhibited a negative electrostatic charge attributed to the presence of glycopro-
teins on the membrane. Upon stimulation, the cell surface underwent a transition from
smooth to rough and experienced a reduction in mucus secretion [30,31]. The microscopic
interactions between micro/nanosized MMT and human colon-associated cells or human
skin-associated cells indicated that these side effects were correlated with the size distribu-
tion. Notably, MMT-RAW was internalized with an undispersed agglomerated morphology,
which caused an increase in the MMT particle sizes. This interaction may have caused
the aggregation of MMT-RAW into larger particles, resulting in increased cytotoxicity.
The human cells interacted with M1 more than with M1-S, which was attributed to the
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broader size distribution and smaller sizes. In addition, mucus secretion resulting from
mechanical stimuli was observed in the M1 series—human skin-associated cell interactions.
For M2 and M2-S, human colon-associated cells seemed to have no response to the M2
series, which was attributed to large particle sizes, whereas human skin-associated cells
interacted with the M2 series due to mechanical stimulus-induced mucus secretion. In
addition, microscopic interactions with M2 featuring a small size distribution were more
obvious and more uniform with human skin-associated cells. For M3 and M3-S, the human
cells interacted with M3 more than with M3-S, which was attributed to more small MMT
particles stored in M3. Therefore, the M1 series-human cell interactions were attributed to
size effects because MMTs with broader size distributions were stored in the M1 series, and
the M2 series—human cell interactions did not seem to correlate with size effects because
large MMTs were stored in the M2 series. The M3 series—human cell interactions were
attributed to size effects because small MMTs were stored in the M3 series.

HaCaT HUVEC
M1-RAW et

NCM-460 HIEC-6

M1-series

M2-series

M3-series

Figure 4. SEM images of MMT-human cell interactions. Unrefined Ca-MMT was labeled M1-RAW, and
refined M1-RAW with small particle sizes was labeled M1-S. Unrefined magnesium-enriched Ca-MMT
was labeled M2-RAW, and refined M2-RAW with small particle sizes was labeled M2-S. Unrefined silicon-
enriched Na-MMT was labeled M3-RAW, and refined M3-RAW with small particle sizes was labeled M3-S.
The thumbnail showed an enlarged image featuring a white arrow indicating the presence of MMT.
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4. Conclusions

Refinement of MMT has been used to overcome uncertainties originating from differ-
ent sources and offers opportunities for addressing various common health issues. Refined
MMT with different particle size distributions was obtained through ultrasonic scission-
differential centrifugation, and some harmful chemical elements were difficult to remove
from the refined MMT. The characterization data indicated that the size distribution de-
creased with increasing centrifugation rate, while the structural morphology changed from
aggregates with a thick laminated structure to an exfoliated ultrathin laminated structure.
Toxicological evaluations with human colon-associated cells and human skin-associated
cells indicated that the cell survival rates with MMT were not correlated with the size dis-
tribution, whereas side effects were correlated with excess dosages and silica sand. Instead,
the microscopic interactions between micro/nanosized MMT and human colon-associated
cells or human skin-associated cells indicated that those interactions were correlated with
the size distributions. Therefore, refinement of MMT must be carried out in accordance
with clinical medical practices, i.e., those for cosmetics, wound dressings, and anti-diarrhea
medicines, to overcome the uncertainties originating from different sources.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jfb15030075/s1, Figure S1: SEM images of refined MMT at 50 k x
and 100 kx magnification. Figure S2: SEM images of refined MMT at magnifications of 2 kx and
20 kx. Table S1: XRD data for M1. Table S2: XRD data for M2. Table S3: XRD data for M3.
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