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Abstract: The design of scaffolding from biocompatible and resistant materials such as carbon
nanomaterials and biopolymers has become very important, given the high rate of injured patients.
Graphene and carbon nanotubes, for example, have been used to improve the physical, mechanical,
and biological properties of different materials and devices. In this work, we report the grafting of
carbon nano-onions with chitosan (CS-g-CNO) through an amide-type bond. These compounds
were blended with chitosan and polyvinyl alcohol composites to produce films for subdermal
implantation in Wistar rats. Films with physical mixture between chitosan, polyvinyl alcohol,
and carbon nano-onions were also prepared for comparison purposes. Film characterization was
performed with Fourier Transformation Infrared Spectroscopy (FTIR), Thermogravimetric Analysis
(TGA), Differential Scanning Calorimetry (DSC), Tensile strength, X-ray Diffraction Spectroscopy
(XRD), and Scanning Electron Microscopy (SEM). The degradation of films into simulated body fluid
(SBF) showed losses between 14% and 16% of the initial weight after 25 days of treatment. Still, a faster
degradation (weight loss and pH changes) was obtained with composites of CS-g-CNO due to a higher
SBF interaction by hydrogen bonding. On the other hand, in vivo evaluation of nanocomposites
during 30 days in Wistar rats, subdermal tissue demonstrated normal resorption of the materials
with lower inflammation processes as compared with the physical blends of ox-CNO formulations.
SBF hydrolytic results agreed with the in vivo degradation for all samples, demonstrating that
with a higher ox-CNO content increased the stability of the material and decreased its degradation
capacity; however, we observed greater reabsorption with the formulations including CS-g-CNO.
With this research, we demonstrated the future impact of CS/PVA/CS-g-CNO nanocomposite films
for biomedical applications.

Keywords: amide; biodegradable films; chitosan-grafted carbon nano-onions; poly (vinyl alcohol);
tissue engineering
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1. Introduction

Shifting of the traditional paradigm of using synthetic polymers for the scaffold design to the uses
of highly re-absorbable and compatible porous materials is happening in the last decade [1]. This new
model needs the correct interconnected porosity and biocompatibility design and an interconnected
three-dimensional (3D) structure with excellent mechanical properties resembling native tissue [1,2].

Scaffolds are three-dimensional structures with excellent capacity to promote cell adhesion,
proliferation, and function differentiation [3]. Some studies have been undertaken to investigate the
use of carbon-based nanomaterials for bone tissue engineering in vivo [4]. The new properties of
carbon materials such as fullerene, CNT, and graphene have significantly increased their study and
applications [5,6]. Due to their unique properties and high mechanical strength, they have been widely
used to reinforce materials with biomedical applications and for tissue regeneration [7].

Natural polymers are “ahead of the race” to produce scaffolds due to their cell adhesion capacity
and lower toxicity [8]. However, synthetic polymers have a lower commercial price, and the facile
chemical functionalization facilitates cell adhesion improving biological responses [9]. Natural polymer
limitations are often enhanced using composites with synthetic polymers are also prepared to improve
hydrophilicity, cell attachment, and biodegradability [10,11]. Generally, for scaffolds design, chitosan,
alginate (Alg), collagen (Col), gelatin (Gn), silk fibroin (SF), and glycosaminoglycans (GAGs) are the
most used biopolymers [11-17].

Chitosan (CS), a natural polymer, is one of the most common biopolymers applied in medical
studies due to the biodegradability, low toxicity, and excellent resorption [18]. Tissue-engineering
applications involving bone [19,20], cartilage [21,22], liver [23], tendons [24,25], ligaments and
nerves [26,27], wound healing [28,29], separation membranes [30-32], blood anticoagulants [33-36],
contact lenses [37], controlled release of drugs [38-40], fat-sequestering agent [41,42], hydrogel
preparations [43,44], and food packaging material [45,46] were previously reported. However, CS has
the typical drawbacks of a polysaccharide, such as low solubility and poor stability in physiological
media due to hydrogen bonding [47].

The nanocomposite of CS and synthetic polymers have been prepared to overcome the limitation
of naturally occurring polymers [47,48]. The application of carbon nanomaterials in tissue engineering
is very appropriate, as carbon nanomaterials provide mechanical, thermal, antibiotic, and antifungal
resistance in many cases, without generating tissue toxicity or immune system response [3,49].

Carbon nano-onions (CNO) are carbon structures containing multiple shells of fullerenes of 10 nm
size. Ugarte discovered these nanomaterials in 1992 under the impact of carbon nanostructures with
electrons through a TEM experiment [50]. For the chemical derivatization of CNO, various synthetic
routes introducing new functional groups have been applied to add new properties and applications.
Some potential uses include optical applications, catalysis, and gas storage [51].

However, the use of CNO for biomedical applications remains unexplored. There is a report in
demand for the treatment of cancer [52] and the promotion of cell adhesion and proliferation through
scaffolds in animal tissues without immune responses [53]. We previously reported nanocomposites
of graphene oxide and chitosan with excellent compatibility and thermal improvement [54-60].
The synthesis of nanocomposites of chitosan/poly (vinyl alcohol)/oxidized carbon nano-onions
(CNO/PVA/ox-CNO) was assessed and applied in Wistar rats” subdermal tissues during 90 days,
observing proper resorption with no immune response [61]. The membranes obtained in the previous
work were very stable, especially in the in vivo subdermal implantation, even after 90 days. After that
time, there was virtually no degradation in the membranes that included oxidized carbon nano-onions
(0x-CNO). However, these membranes did not generate a severe inflammatory response or pus
formation, so they were projected for long-term applications (bone tissue regeneration). On the other
hand, we decided that if a synthetic modification was made on the nano-onions and they were grafted
with chitosan directly, we could improve the biocompatibility and degradability of the material, which
would allow a more significant resorption of the material thinking of projecting it for applications
where degradation is required fast, such as dressing and skin applications for example.
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In this research, chitosan was grafted with oxidized carbon nano-onions (0x-CNO) through an
amide-type bond. CS-g-CNO was blended with chitosan and polyvinyl alcohol composites to produce
films that, posteriorly, were subdermally implanted in Wistar rats. Films including CS/PVA/ox-CNO
were also prepared whose mechanical, thermal, and chemical characterization was compared to those
containing chitosan-grafted carbon nano-onions.

2. Results
2.1. CS-g-CNO Characterization

2.1.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The functionalization of ox-CNO with chitosan is quite difficult due to the lack of reactivity of
carboxylic groups with the amine groups [62]. However, to obtain covalent CS functionalization of
CNO, it was necessary to convert ox-CNO to CI-CNO as described in Schemes 1 and 2. The stability of
the CS-g-CNO was evident after dispersion in dilute organic acids and long-term stability (Figure 1).
Figure 2 shows the FTIR spectrum after the complete reaction between CS and CI-CNO to produce the
CS-g-CNO. For the ox-CNO, the leading bands present were broadband at 1730 cm™! from the C=0
stretching vibrations of carboxyl and carbonyl groups. The band at 1564 cm™ also is due to the carboxyl
and carbonyl groups [63]. Around 3200-3675 cm~!, a band related to adsorbed water for ox-CNO was
observed. From the spectrum of the CS-g-CNO, the strong band at 1718 cm™! resulted from the C=0O
stretching vibrations of carboxyl and carbonyl groups from the ester formation between acyl chloride
groups of CI-CNO (-CICO-) and hydroxyl groups of CS forming ester bands (-COO-) also presenting
broadband due to the C-stretching of esters at 1000 cm™~!. The strong band at 1676 cm™! is related
to the secondary amide formed between the amine groups of chitosan (-NH;) and the acyl chloride
groups of the precursor (-CICNO-). The moderate band at 3354 cm™! corresponds to the -NH stretching
of amides. The strong band at 1587 cm™! is related to -N-H bending of secondary amides after the
formation of the bond with the CNO. Finally, the moderate group at 1400 cm™! is associated with the
C-N stretching of secondary amides [64]. Besides that, two characteristic bands of the glucopyranose
rings appear at approximately 937 and 1018 cm™!, respectively, implying the attachment of the CS
chains to the CNO as previously observed for the functionalization of carbon nanotubes with low
molecular weight chitosan [65]. The new strong band noted at 1587 cm™! corresponding to amide I,
is clear evidence of the CNO functionalization with CS.

Figure 1. Image of ox-CNO and CS-g-CNO in 2% acetic acid dilution after 30 days.



Molecules 2020, 25, 1203 4 of 26

—— CS-g-CNO—— ox-CNO—— CS|

1593
1020—

1018
1676 1587 937

1718

J T y T T T T T v T v T v
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) of CS,
ox-CNO, and CS-g-CNO.

2.1.2. X-ray Diffraction (XRD)

The crystal size and the interlayer distance of the inner layers of carbon nano-onions were
determined by X-ray diffraction (XRD). X-ray diffraction patterns of CS, CS-g-CNO, and ox-CNO are
observed in Figure 3. CS showed a peak at 26 = 19.7° due to the crystalline structure [66]. The peak at 20
= 9.8° was due to the amorphous region of CS. On the other hand, the broad peak at 43.6° for ox-CNO
was related to the inter-planar distance in the crystal (100), while the sharp peak at 44.6°, corresponds
to the reflection of the plane (111) of non-graphitized planes of traces of carbon nano-diamonds [61].
The peaks at 26 = 26.3° and 44.6° are related to the (002) and (100) planes of the diffractions of the
hexagonal graphite structure [66]. An average crystal size (T) of 16.5 nm was calculated using Equation
(2) and the peak (100). The average interplanar distance was calculated from the plane (002) at 26.4° (d)
corresponding to 3.4 nm. Finally, using Equation (3), we determined a total of five-carbon shells by
evaluation of 10% mass loss in a previous TGA [61].

For CS-g-CNO, peaks at 20 = 26.4° and 44.7° from the CNO were evident, and almost no change in
the interplanar distance inside the crystal was observed. However, at 26 = 19.1°, there was a new peak
corresponding to CS and which is related to its crystalline structure [66], demonstrating the grafting
process on the surface of ox-CNO.
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Figure 3. X-ray diffraction (XRD) analysis of CS (red line), CS-g-CNO (blue line), and ox-CNO
(black line).

2.1.3. Raman Spectroscopy

Raman spectroscopy is an advantageous technique to characterize the graphitic structure of carbon
nano-onion structures using two bands at 1300 and 1600 cm™! (Figure 4). We could also distinguish
the degree of order of the CNO utilizing the intensity of the ratio of sp? and sp® carbon atoms, which is
related to the intensity and the shape of the D and G bands. Previously, we reported an increase for the
0x-CNO structure the intensity of the D band related to the high amount of defects in the fullerene
network due to the presence of oxygen-rich functional groups, as well as to an increase in the sp®
hybridized carbons because of the increasing disorder by oxygen functionalization [61]. Besides, the
band at 2621 cm™! was attributed to the 2D group of the highly ordered graphitic materials. On the
other hand, it can be observed for the CS-g-CNO spectrum that D and G bands shifted and increased
as a result of the covalent attachment of the chitosan to the acyl groups of the CI-CNO. Chattopadhyay
et al. also reported related results [67]. However, the 2D band showed the most noticeable changes as
a result of the grafting method of the carbon structure with CS. As previously mentioned, this band is
susceptible to changes in the structure of the allotropic carbon materials [68], and its broadening is
related to the changes produced in the carbon nano-onions by the grafted chitosan.
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Figure 4. Raman spectrum of chitosan-grafted-carbon nano onions (red line) and oxidized carbon nano
onions (black line).

2.1.4. Thermogravimetric Analysis of CS-g-CNO

TGA is a useful technique to understand the degradation profile and the disorder degree of a
compound. We previously studied the degradation process of ox-CNO and p-CNO and determined
the average number of functional groups on the surface through XRD. With five shells, the number
of carbons in each shell was calculated using Equation (4) [69]. The final result was a presence of 98
functional groups, around one every 15 (1500/98) carbons of the outer shell [61]. Figure 5 shows two
decomposition temperatures corresponding to the carboxylic groups and hydroxyl groups at the CNO
layer at 266 °C and 170 °C, respectively.

In the case of the TGA, the thermal analysis of pure chitosan shows two-weight losses. A 20% weight
loss observed below 400 °C of the amine side or N-acetyl side groups of chitosan. This degradation
appears to be delayed in CS-g-CNO. An indication that the presence of carbon nano-onions in the
chitosan enhanced the thermal stability in chitosan. The second weight loss occurs between 600 and
700 °C due to the decomposition of the carbon nano-onion structure and glycoside fragments of the
chitosan [70].
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Figure 5. Thermogravimetric analysis of (A) chitosan-grafted carbon nano onion (CS-g-CNO),
(B) oxidized carbon nano onion (0x-CNO), and (C) chitosan CS.

2.2. Film Characterization

2.2.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Figure 6 shows the FTIR spectrum of the nanocomposite films. For F1 PVA and CS, characteristic
bands are observed [71]. At1640and 1560 cm™!,-NH-C=0 stretching bands were found. Chitosanbands
shifted due to the hydrogen bonding with PVA. Around 3000-3500 cm~!, broadband-related to hydroxyl
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and amine groups is found, with an evident shift due to the hydrogen bonding. CS/PVA composite
films (F1) had bands also between 3201 and 2949 cm™! due to -OH and -CH, from PVA [72].
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Figure 6. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) of
the formulations: F1 (CS:PVA:ox-CNO 30.00:70.00:0); F2 (CS:PVA:0x-CNO 29.50:70.00:0.50); F3
(CS:PVA:OX-CNO 29.00:70.00:1.00); F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50); and F5 (CS:PVA:CS-g-CNO
29.00:70.00:1.00).

The bands at 1647, 1558, and 1327 cm™! are related with amides I and III of C=0O stretching
vibration, N-H bending of NH,, and CH, wagging and also OH groups from CS while the peak at
1408 cm™! is related to OH and CH groups [73]. F2 and F3 composite film spectra presented a new
band at 1750 cm~! due to -COOH groups from ox-CNO. On the other hand, for the CS/PVA/CS-g-CNO
composites (F4 and F5), the band at 3248 for amine groups of CS overlapped the -NH stretching
of amides band of CS-g-CNO. The strong band at 1646 cm™! was related to the carbonyl (-C=0)
amide (-NHCO-) between the amine groups of chitosan (-NHy) and the acyl chloride CNO precursor
(-CICNO). The moderate band at 3354 cm~! was related to the -NH stretching of amides. The strong
group at 1562 cm™! was also related to -N-H bending of secondary amides. The group at 1374 cm™!
was related to the C-N bond of amides from chitosan.

2.2.2. X-ray Diffraction (XRD)

The crystallinity of the nanocomposite films is shown in Figure 7. The XRD pattern of the F1
showed two diffraction peaks at 26 = 8.2° and 11.3° produced from the amorphous structure of CS [61].
The broad peak at 26 = 19.4° was related to the PVA crystals [74]. The hydrogen bond formation shifted
the position of several peaks. For F2 and F3 composite film spectra (CS/PVA/ox-CNO), three new peaks
at20 =11.1°,13.6°, and 16.6° were observed as a result of the ox-CNO physical mixture. For the F4 and
F5 composites including CS-g-CNO, vast peaks at 26 = 11.4°, 16.2°, 19,2°, and 22.6° were observed,
as a result of the changes in the crystalline structure due to the presence of CS-g-CNO and CS/PVA
with strong hydrogen bonding between the polymer chains. At 26 = 22.6° the peak corresponding
to the (002) plane of CNO was shifted while the peaks at 26 = 19.2° were related to the PVA crystals.
Peaks at 20 = 11.4° and 20 = 16.2° were associated with the presence of the CNO core [66].
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Figure 7. X-ray diffraction (XRD) of the different nanocomposite films. Formulations: F1 (CS:
PVA:0x-CNO 30.00:70.00:0); F2 (CS:PVA:0x-CNO 29.50:70.00:0.50); F3 (CS:PVA:0x-CNO 29.00:70.00:1.00);
F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50); and F5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00).

2.2.3. Scanning Electron Microscope (SEM)

The surface morphology of the nanocomposite films is presented in Figure 8. Figure 8A,B the high
amount of hydrogen bonding between CS/PVA produces a crystalline, smooth, and homogeneous
surface [56]. Nanocomposites from physical mixtures (Figure 8C-F) became rough and irregular due to
0x-CNO presence between CS-PVA chains. By adding ox-CNO to the CS5/PVA blend, the nanomaterial
increased the roughness of the films due to their texture and phase separation [72]. The higher amount
of opacity and darkening is a result of the bigger amount of ox-CNO [75]. When the composites were
produced introducing CS-g-CNO (CS/PVA/CS-g-CNO 0.5% and 1.0%), the surfaces become smoother
as compared to the nanocomposites with a physical mixture of ox-CNO. Better compatibility between
the CS/PVA composite could be the result of hydrogen bonding with amide groups of CS-g-CNO,
which will help the formation of a more homogeneous surface. More hydrogen bonding is possible
with the grafting functionalization of carbon nano-onions, which is also an advantage for dispersion in
body fluids and reabsorption.
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Figure 8. Morphology of the films: F1 (CS: PVA:0x-CNO 30.00:70.00:0) (A) at 250x%, (B) at 1000x; F2
(CS:PVA:0x-CNO 29.50:70.00:0.50) (C) at 250x%, (D) at 1000x; F3 (CS:PVA:0x-CNO 29.00:70.00:1.00)
(E) at 250, (F) at 1000x; F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50) (G) at 250x, (H) at 1000x; F5
(CS:PVA:CS-g-CNO 29.00:70.00:1.00) (I) at 250, and (J) at 1000x.

2.2.4. The Tensile Strength of the Films

Materials used for scaffold designs should have improved thermal resistances [72]. Film thicknesses
were in the range of 62.3-80.8 pm for the films, and those thicknesses were used in the mechanical
property’s tests. Young’s modulus and the tensile strength of the nanocomposites are presented in
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Table 1. For Young’s modulus, it is obvious that the introduction of the ox-CNO to the CS/PVA matrix,
no significant (p < 0.05) differences were presented. However, with the introduction of the CS-g-CNO
to the CS/PVA matrix, a significant (p < 0.05) decrease in Young’s modulus occurred, which is following
an easier hydrolytic degradation that occurred. The increase in the CS-g-CNO in CS/PVA matrix (F5)
significantly increased Young’s modulus as compared to F4. This could be the result of a stronger
interaction with the CS/PVA matrix by hydrogen bonding and a higher dispersion, following the
microstructure analysis. Figure S1 (Supplementary Materials) and Table 1 show a significant decrease
in the tensile strength for F4 and F5 as compared to F1-F3. The introduction of the CS-g-CNO instead
of ox-CNO might not have the same reinforcement effect due to a change in the crystallinity of the
CNO and CS, as observed in the XRD analysis. Between F4 and F5, there were no significant (p < 0.05)
differences in the tensile strength. Introduction of 1.0 wt % ox-CNO to the CS/PVA matrix slightly
increased the tensile strength up to 43.1 + 0.77 GPa. The increasing of the tensile strength is a result
of a more balanced distribution of the stress employing a more homogeneous structure produced
from a proper dispersion of the nanomaterial in the polymer matrix [76]. It is possible that, as the
amount of the nanomaterial increased, better dispersion and improvement of the mechanical properties
occurs. With the introduction of the CS-g-CNO (with covalent functionalization) due to the chemical
modification of the CNO, it could lose mechanical resistance. The previous result agrees with the faster
hydrolytic degradation in SBF and in vivo reabsorption results. Young’s modulus decreased up to
2.26 + 0.15 GPa and the tensile strength to 28.0 + 2.27 MPa for the formulation F5 (CS:PVA: CS-g-CNO
29.00:70.00:1.00).

Table 1. Td3,, Young’s modulus, and glass transition temperature (Tg) of the different film formulations

(F1-F5).
ox-CNO CS-g-CNO Td3o, T Young's Modulus  Tensile Strength
Sample * g
(wt %) (wt %) Q) O (GPa) ** (MPa) **
F1 0 0 67.3 19.9 3.69+£045% 38.2+288%
F2 0.50 0 50.8 80.2 3.60 +£0.74 2 38.3+343?
F3 1.00 0 85.0 79.3 3.67+£0.772 43.1+323%
F4 0 0.50 78.3 51.6 1.36 +0.26® 237 +3.42°
F5 0 1.00 79.9 38.3 226+0.15°¢ 28.0 +2.27b

* Formulations: F1 (CS: PVA:0x-CNO 30.00:70.00:0); F2 (CS:PVA:0x-CNO 29.50:70.00:0.50); F3 (CS:PVA:0x-CNO
29.00:70.00:1.00); F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50); F5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00). ** Values
correspond to means + standard deviation. Different superscript letters in the same column indicate significant
differences (p < 0.05).

2.2.5. Thermal Studies

The thermogravimetric analysis (TGA; Figure S2, Supplementary Materials) includes three
mayor decomposition stages for the nanocomposites. Below 200 °C free water and more volatile
compounds were lost as a result of the heating process. Between 200 and 400 °C the degradation
of PVA and CS weaker bonds occurred. The final stage above 410 °C for F1 (CS/PVA) and 423 °C
for F3 (CS:PVA:0x-CNO 29.00:70.00:1.00) was attributed to the decomposition of the nano-onion
structure [72]. The ox-CNO incorporation into the composite CS/PVA to get a physical mixture
increased the degradation temperatures (Table 1). The Td3¢, (3% mass loss) of the composites was
exhibited in Table 1. Tds3, for the composites, including CS-g-CNO, demonstrated a decrease in Td3o,,
as shown in Table 1. At 600 °C, the composite was also wholly degraded, demonstrating a more
homogeneous material, due to the chemical functionalization of the CNO. With the physical mixture
composites (F2 and F3), 10 wt % remained after 1000 °C, which indicated a high thermal stability
material. With the incorporation of CS-g-CNO even at 0.5 wt %, lower stability is presented by the
composites starting from 323 °C the degradation.

Differential Scanning Calorimetry (DSC) analysis is useful to understand the thermal behavior of
the nanocomposites better. The glass transition temperature (Tg) of F3 (0x-CNO 1.0 wt %) increased
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from 19.9 (F1) to 79.3 °C, which also demonstrated a thermal reinforcement of the CS/PVA composite
(Table 1). For the composites, including CS-g-CNO (F4 and F5), lower Tg was obtained and decreasing
with the increasing of the CS-g-CNO, indicating that lower thermal stability was present and a
more-likely structure to the F1, due to the higher compatibility between CS/PVA and CS-g-CNO.
Grafting of CNO with CS will help the CNO to disperse better into the CS/PVA matrix due to the
higher chemical compatibility, creating a similar structure to the original CS/PVA.

2.2.6. Degradation in a Simulated Biological Fluid (SBF)

Weight Loss

Figure 9A shows the results of the degradation percentage (weight loss) of the films during 25 days
of immersion in SBE. The incorporation of ox-CNO in the polymeric matrix did not considerably affect
the stability of the films since the weight loss was very similar for F1, F2, and F3. A slight increase in
the water loss could be the result of a higher porosity due to the incorporation of ox-CNO, separation of
the hydrogen bonding of CS and PVA chains, or ox-CNO hydrophilic groups. However, formulations,
including CS-g-CNO, allowed a higher weight loss presumably due to higher hydrogen bonds with
water and a loss of crystallinity of the polymer structure, facilitating the water hydrolysis. This higher
weight loss could be an advantage in biomedical applications where fast reabsorption is needed, like
orthopedic and subdermal applications. However, higher amounts of CS-g-CNO decreased the weight
loss, maybe due to the higher quantity of CNO incorporated, which also is an agreement with the
thermal and mechanical test results.
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Figure 9. (A) Weight loss vs. immersion time in a simulated biological fluid (SBF) of the films. (B) Water
absorption vs. immersion time in a simulated biological fluid (SBF) of the films. (C) Study of the
solution pH vs. immersion time in a simulated biological fluid (SBF) of the films. Formulations: F1 (CS:
PVA:0x-CNO 30.00:70.00:0); F2 (CS:PVA:0x-CNO 29.50:70.00:0.50); F3 (CS:PVA:0x-CNO 29.00:70.00:1.00);
F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50); and F5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00).

Water absorption

Body fluid absorption supports cell-biomaterial interactions and reabsorption of the material [60].
Water absorption was significant for the films since it allowed the interaction with the SBF and shows
if that interaction would affect the stability of the films. Water absorption of CS/PVA films would allow
the formation of a fibrous membrane around the films once the material is subdermally implanted.
From Figure 9B, it can be observed that when the samples were immersed in the simulated body fluid
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(SBF), the absorption of water increased with the immersion time. The film composites of CS/PVA (F1)
had higher water uptake after 25 days, presumably due to the higher hydrogen bonding with water and
higher hydrophilicity of CS [77]. F2 and F3 ox-CNO (0.5 wt % and 1.0 wt %) had low water uptake due
to the ox-CNO presence as compared to F4 and F5. F4 and F5 introduced CS/PVA/CS-g-CNO, which
have new amide and ester groups that support a higher amount of hydrogen bonds with the water,
which also supports a better SBF interaction. We could conclude that the chemical functionalization
facilitates biomaterial-water communication and reabsorption of the material, which also will be useful
in biomedical applications where a fast degradation could be necessary, like in orthopedic [78].

pH Changes

Figure 9C shows the pH changes during 25 days of immersion of nanocomposites in SBE.
The formation of acid species after several days of film immersion is a hydrolytic degradation of the
amorphous zones of the polymers, especially for F1, F4, and F5, where chitosan is more susceptible to
deterioration and a higher affinity of water is present [79]. The reduction of the pH is a result of the
detachment of CS by-products like glucosamine and N-acetylglucosamine [61]. These by-products
usually are present in the extracellular matrix of humans tissues, which are not dangerous for
human health [80]. Degradation is possible since a biological pH media (between 6 and 8) supports
several cell enzymatic reactions [56,59,81]. Very importantly, the final pH after degradation for all
the nanocomposites was within the permissible range in the human body to promote the life and
maintenance of vital functions.

2.2.7. Biomodel In Vivo Tests

After thirty days of implantation, euthanasia of the models was performed, and the samples
were recovered. Complete hair recovery was observed in the implanted area. Trichotomy (shaving)
was accomplished, following the skin without continuity solutions and with healthy healing without
signs of inflammation. On the other hand, a longitudinal incision was made, and the skin was utterly
separated to visualize the implanted sites finding small areas where implanted materials were included,
without signs of inflammation or infection such as redness, the presence of purulent exudate, or bad
smell. Figure 10 corresponds to the macroscopic appearance of the skin of bio models at 30 days
of implantation

'ur"'

Figure 10. Macroscopic appearance of the Wistar’s rat skin implanted. (A): Formation of new

skin. (B): Skin after shaving. (C): Subdermal appearance of the skin. 1Z: Implanted zone. Stars:
Implanted material.

Figure 11 corresponds to the analysis of the film’s subdermally implanted with formulation F1
after 30 days of implantation. In general, it was observed that the material showed no evidence
of reabsorption. In the implantation area (IZ), the material was in a capsule (FC) containing an
inflammatory cell infiltrate (II). Inflammatory cells (IC) were observed on the surface of the material.
The capsule was made up of blue type I (CF) collagen fibers, evidenced by hematoxylin and eosin
(H&E) and Masson’s Trichrome stain (MT). The inflammation process was typical for this type of
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subdermal process, without the presence of redness or pus, which demonstrated excellent compatibility
with the tissue.

Figure 11. Histological analysis of experimental sample F1 (CS: PVA:0x-CNO 30.00:70.00:0).
Magnifications are as follows: (A) 4x H&E, (B) 10x H&E, (C) 40x Masson’s trichrome stain (MT),
(D) 100x MT. E: epidermis. D: dermis. H: hypodermis. IZ: implanted zone. II: Inflammatory
infiltrate. FC: Fibrous capsule. CF: Collagen fibers type L. IC: Inflammatory cells. F1: Film formulation
(CS: PVA:0x-CNO 30.00:70.00:0), 1. Hematoxylin and eosin (H&E) and Masson’s trichrome stain
(MT) techniques.

Chitosan degradation is a result of the phagocytosis and enzymatic activity of cells in subdermal
implantation. Degradation is a function of the properties of the chitosan, like deacetylation degree,
molecular weight, and cross-linking degree, among others [82,83]. Chitosan biocompatibility was
demonstrated and the natural degradation, inducing tissue recovering. For example, Fujita et al. (2004)
synthesized chitosan hydrogels that, after 20 days of subdermal implantation, were reabsorbed [84].

Formulation F2 (CS:PVA:0x-CNO 29.50:70.00:0.50) exhibited similar behavior (healthy healing)
after 30 days of implantation characterized by little reabsorption or degradation and being surrounded
by a fibrous capsule composed of type-I collagen fibers (Figure 12). An inflammatory cell infiltrate
was observed inside the capsule and in contact with the surface of the films. However, no immune
response or pus production was observed, indicating a compatible material with the tissue.
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Figure 12. Histological analysis of experimental sample F2 (CS:PVA:ox-CNO 29.50:70.00:0.50).
Magnifications are as follows: (A) 4x H&E, (B) 10x H&E, (C) 40x MT, (D) 100x MT. E: epidermis.
D: dermis. H: hypodermis. IZ: implanted zone. II: Inflammatory infiltrate. FC: Fibrous capsule. CF:
Collagen fibers type I. IC: Inflammatory cells. F2: Film formulation 2: (CS:PVA:0x-CNO 29.50:70.00:0.50).
Hematoxylin and eosin (H&E) and Masson’s trichrome stain (MT) techniques.

Samples of formulation F3 are observed in Figure 13. Although no degradation was seen on the
surface, reabsorption at the extremes was shown in one of the samples (Figure 13D), demonstrating
high compatibility with rat tissue, without causing allergic reactions or pus formation.
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100um

Figure 13. Histological analysis of experimental sample F3 (CS:PVA:ox-CNO 29.00:70.00:1.00).
Magnifications are as follows: (A) 4x H&E, (B) 10x H&E, (C) 40x MT, (D) 100x MT. D: dermis.
H: hypodermis. IZ: implanted zone. FC: Fibrous capsule. CF: Collagen fibers type I. F3: Film
formulation 3 (CS:PVA:ox-CNO 29.00:70.00:1.00). Hematoxylin and eosin (H&E) and Masson’s
trichrome stain (MT) techniques.

Nanocomposites of CS/PVA, including CS-g-CNO (F4 and F5), were surrounded by a fibrous
capsule consisting of type I collagen, but unlike the above, more significant material degradation
was observed.

Figure 14 corresponds to the F4 formulation, in which reabsorption was seen at the ends of the
samples (Figure 14B) and on its surface with phagocytic activity by inflammatory cells (Figure 14C).
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Figure 14. Histological analysis of experimental sample F4 (CS:PVA: CS-g-CNO 29.50:70.00:0.50).
Magnifications are as follows: (A) 4x H&E, (B) 10x H&E, (C) 40x MT, (D) 100x MT. E: epidermis.
D: Dermis. FC: Fibrous capsule. II: Inflammatory infiltrate. RZ: Reabsorption zone. IC: Inflammatory
cells. F4: Film formulation 4(CS:PVA:CS-g-CNO 29.50:70.00:0.50). Hematoxylin and eosin (H&E) and
Masson’s trichrome stain (MT) techniques.

Samples obtained with the F5 formulation showed increased evidence of resorption/degradation
(Figure 15). Figure 15C,D shows rounded ends by resorption activity with material fragments included
in the fibrous capsule. The higher magnification in the fibrous capsule surrounding the material, small
pieces of films (marked with stars), and an inflammatory infiltrate, responsible for phagocytosis, were
seen. This result shows that the covalent functionalization of nano-onions with chitosan made them
much more compatible with rat tissue, allowing for more considerable degradation and resorption.
This result appears to be dependent on the amount of CS-g-CNO included in the nanocomposite,
as the higher the amount, the greater the resorption. The higher compatibility with the rat’s tissue
could be a result of the introduction of amide groups and chitosan to the CNO, because of a higher
hydrogen bond will be present with this compound that using only ox-CNO in the CS/PVA matrix.
Previously, our group demonstrated that after 90 days of subdermal implantation, CS/PVA/ox-CNO
nanocomposites were compatible but with low resorption percentage [61]. In the present study, we
demonstrated that carbon nano-onions grafting with chitosan improved the biocompatibility and
resorption of the films, a fact that stimulated tissue regeneration.
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Figure 15. Histological analysis of experimental sample F5 (CS:PVA: CS-g-CNO 29.00:70.00:1.00).
Magnifications are as follows: (A) 4x H&E, (B) 10x H&E, (C) 40x MT, (D) 100x MT. E: epidermis.
D: Dermis. FC: Fibrous capsule. IZ: implanted zone. RZ: Reabsorption zone. Stars: Fragments of
material being reabsorbed. F5: Film formulation 5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00). Hematoxylin
and eosin (H&E) and Masson’s trichrome stain (MT) techniques.

3. Materials and Methods

3.1. Materials

The synthesis of 0x-CNO was already reported elsewhere [61]. Nanocomposite films were
produced using chitosan of low molecular weight (molecular weight (Mw.) 144,000 g/mol, deacetylation
degree 89-90%), poly(vinyl alcohol) (PVA; hydrolysis degree 87-89%, Mw. 93,000 g/mol, Sigma-Aldrich,
Palo Alto, CA, USA). CS solutions were prepared using glacial acetic acid from Merck (Burlington,
MA, USA). Simulated biological fluid (SBF) was prepared using NaCl, K;HPO,4-3H,0, CaCly, NapSOy,
and tris-(hydroxymethyl aminomethane) ((CH,OH)3;CNH;) acquired from Sigma Aldrich (Palo Alto,
CA, USA), a well as NaHCO3, KCI, and MgCl,-6H,0 from Fisher Chemical (Pittsburgh, PA, USA),
and hydrochloric acid (HCl) from Merck (Burlington, MA, USA). All reagents were analytical grade
and used without any purification unless otherwise stated.

3.2. Methods

3.2.1. Synthesis of ox-CNO, CI-CNO, and CS-g-CNO

Oxidized carbon nano-onions (ox-CNO) were prepared using the previously reported
methodology [61]. Briefly, using 40 mL of a 1:3 mixture of H,SO4: HNO3 and 500 mg of pristine
carbon nano-onions (p-CNO) under reflux for five hours (Scheme 1). The impurities were removed by
centrifugation and exhaustive washing with water, methanol, and ethanol [85].
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HO
@ HNO3/H2504 0
_

p-CNO
Scheme 1. Preparation of oxidized carbon nano-onions (ox-CNOs) [85].

The next step was the acyl chloride-functionalized CNO (CNO-COCI, Scheme 2) preparation
based on a similar synthetic modification performed for multi-walled carbon nanotubes (MWCNT) [86],
which was achieved by suspending the ox-CNO in a solution of thionyl chloride (5 mL). The suspension
was stirred for 24 h at 70 °C. Then, a black solid was separated after solvent removal was half-reduced
under reduced pressure on a rotary evaporator (Heidolph Hei-VAP Value Digital HB/G3B with vertical
coil condenser, Germany) and then dried on a vacuum oven overnight.

Scheme 2. Synthesis of the acyl chloride-functionalized carbon nano-onions (CI-CNO).

The final product corresponding to the chitosan grafting with oxidized carbon nano-onions
(CS-g-CNO, Scheme 3) was obtained, adding 500 mg of CI-CNO and 2 g of chitosan in 100 mL of
acid acetic of 1% (v/v). The mixture was stirred at 100 °C for 48 h. After that, the combination was
centrifuged, and three washes removed the impurities with a solution of the 1% solution of acetic acid.

Chitosan

Scheme 3. Preparation of chitosan-grafted carbon nano-onions (CS-g-CNO).

3.2.2. Characterization of ox-CNO and CS-g-CNO

FTIR characterization of ox-CNO and CS-g-CNO was carried out in an IR Affinity-1 infrared
spectrophotometer (Shimadzu, Kyoto, Japan) in a range of 500-4000 cm~! in the transmittance mode
using the diamond tip method.



Molecules 2020, 25, 1203 19 of 26

The degree of deformation and oxidation of the different carbon nano-onions were analyzed with
a ThermoScientific X-ray diffraction (XRD) (Thermo Scientific, Waltham, MA, USA) Smart Raman laser
beam 532 nm.

The X-ray powder diffraction analysis of the carbon nano-onions were taken on a PANalytical
X'Pert PRO diffractometer (Malvern PANalytical, Jarman Way, Royston, UK) using Cu K«1 radiation
(1.540598 A) and K2 (1.544426 A), with an electron accelerator voltage of 45 kV, an electron-generating
current of 40 mA, an optical grid of incident beam 1°, and a diffracted beam grid of 9.1 mm, in a range
20 between 5 and 50°. The crystal size and the interlayer distance were calculated using the Bragg law
(Equation (1)) and the Scherrer (Equation (2)) equations.

A

= 2sen6 M)
KA
e BcosO @

For the Scherrer equation (Equation (2)), A is the X-ray wavelength, k is a dimensionless shape
factor with a value of 0.9, and f is the full width at half maximum in radians.

On the other hand, the number of shells of the oxidized carbon nano onions was previously
calculated using Equation (3), roughly five shells of carbon atoms were obtained [61].

T

Using Equation (4), we previously calculated the total number of carbons per shell, for the oxidized
carbon nano onion [61]:

60 x 12, (4)

3.2.3. Nanocomposite Film Preparation

Nanocomposite films were prepared with a known method [56], with the components according
to Table 2. PVA and CS 2% (wt %) in 2% (v/v) acetic acid were prepared. Dispersions of ox-CNO or
CS-g-CNO (10 mg/mL) in 2% acetic acid were prepared using an ultrasonic bath (Branson, Madrid,
Spain) for 2 h. All the components were mixed gently, according to Table 2.

Table 2. Formulations used for the preparation of chitosan (CS)/poly (vinyl alcohol) (PVA)/CS-g-CNO
or ox-CNO nanocomposite solutions.

Component F1 F2 F3 F4 F5
CS (%) 30.00 29.50 29.00 29.50 29.00
PVA (%) 70.00 70.00 70.00 70.00 70.00

ox-CNO (%) 0 0.50 1.00 0 0
CS-g-CNO (%) 0 0 0 0.50 1.00

The tensile test of the films was evaluated according to ASTM D6287, ASTM D618, and ASTM
D882. Thicknesses were determined using a Mitutoyo digital micrometer No. 293-330 (Kawasaki,
Japan), with three average values from each sample. The samples were placed in a desiccator at 10%
relative humidity (RH) until the time of the test.

3.2.4. Film Characterization

Fourier-Transform Infrared Spectroscopy (FTIR)

Chemical groups were identified by FTIR in the ATR mode (attenuated total reflectance) with a
diamond tip (Shimadzu, Kyoto, Japan).
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X-ray Diffraction (XRD)

The X-ray spectrum of the film structures was evaluated using the same equipment and the same
parameters and equations described previously for CS-g-CNO.

Scanning Electron Microscope (SEM)

Surface morphology was studied by a scanning electron microscope (SEM; JEOL JSM-6490LA,
Musashino, Tokyo, Japan). The voltage used was 20 kV with the mode of secondary backscattered
electrons. For the proper conductivity of the samples, a coating of gold was prepared.

Tensile Strength of Films

Mechanical properties were tested using a universal SHIMADZU EZ-LZ test machine (Shimadzu,
Kyoto, Japan), following the ASTM D882 standard. Six replicates per formulation were used. The gap
between grips was 100 mm, the width of the film was 20 mm, and the test speed was 50 mm/min.

Thermal Studies

Thermal gravimetric analysis (TGA) was performed on a TA Instruments TGA Q50 V20.13 Build
39 (TA instrument, Delaware, New Castle, USA). Nanocomposite films were heated up to 1000 °C
at a heating rate of 10 °C/min under air atmosphere (flow rate 80 mL/min). DSC cycle heating was
performed between 25 and 350 °C and again cooling to 25 °C. The glass transition temperature (Tg)
was determined by differential scanning calorimetry using a DSC2A-00181 (TA instrument, Delaware,
New Castle, USA) from the midpoint of the inflection tangent from the second heating at 10 °C/min.
TGA and DSC data were analyzed using TA Instruments” Universal Analysis software.

Degradation in Simulated Biological Fluid (SBF)

The hydrolytic degradation was carried out according to the previously reported procedure [56]
based on the ASTM F1635-16 standard. Nanocomposite films were immersed in SBF (prepared as
previously reported) at 37 °C for 25 days in a Memmert IN 110 incubator (Memmert, Schwabach,
Germany) [56]. The weight loss (% W)) was calculated according to Equation (5).

Wo - W,

Wy (%) = W

X 100. ©)
The initial weight of the samples before immersion was Wy, and the weight after drying for 48 h
in the incubator at 37 °C was recorded as Wy.
The water absorption was calculated by Equation (6). In all the experiments, a minimum of three
samples was averaged:
Wiy, — Wd
d

% water absorption = x 100 6)

The wet weight after immersion and surface drying with an absorbent paper was recorded as Wy,
and the weight after drying for at least 72 h in the incubator at 37 °C registered as Wy,

The pH of the SBF was measured every day until the total test time was completed using an
Accumet™ AB150 pH meter (Fisherbrand, Ottawa, Canada).

Biomodel In Vivo tests

The biocompatibility in vivo of the nanocomposite films (F1-F5) was studied using Wistar rat
subdermal tissue implantation [56,58,59]. Nanocomposite films of 5 mm of width and 10 mm of length
were implanted in subdermal position according to ISO 10993-6. Commercial porcine collagen was
used as a control. Wistar rats eight months old were supplied by the Bioterio of the Universidad
del Valle. This research was reviewed, supported, and supervised by the Institutional Ethics Review
Committee with experimental animals of the Universidad del Valle (CEAS 012-019).



Molecules 2020, 25, 1203 21 of 26

After 30 days of implantation, the samples were recovered, fixed in buffered formalin, dehydrated
in alcohol solutions of ascending concentration (70%, 80%, 95%, and 100%), diaphanized with xylol,
and infiltrated with paraffin for later cutting to 4 um. The samples were processed for histological
analysis by hematoxylin and eosin (H&E) and Masson’s trichrome stain (MT) techniques.

Statistical Analysis

The analysis of variance (ANOVA) and the LSD method for mean separation, with a confidence
level of 95% (o« = 0.05), were used to evaluate the effect of the different formulations on the mechanical
properties (Young’s modulus and Tensile strength). Invivo studies, mechanical properties and
hydrolytic degradation are presented as mean values of at least three replicates + SD. The Minitab 17
program was used for these statistical analyses.

4. Conclusions

The successful preparation of stable and compatible nanocomposite films based on
CS/PVA/CS-g-CNO was confirmed from the mechanical, chemical, and thermal tests, as well as
the subdermal implantation test. The thermal and mechanical stability was lower compared to
composite films, including ox-CNO. Hydrolytic degradation in SBF of the films containing CS-g-CNO
(F4 and F5) was higher, while water uptake and pH change demonstrating a stronger interaction with
SBF compared to the composite films, including ox-CNO. The lower stability could be a result of
higher CS content, which facilitates the hydrogen bonding with water, decreasing the water-resistant.
Probably, a lower dispersion of CNO will occur due to the hydrogen bonding with CS/PVA chains,
which was confirmed by SBF hydrolytic degradation and histological studies. For the hydrolytic
degradation, samples with CS-g-CNO (F4 and F5) lost 14-16% of their initial weight after 25 days,
confirming higher affinity with water. This result correlates well with the in vivo studies after 30 days
of subdermal implantation in Wistar rats, where lower remaining material and higher biosorption for
F4 and F5 were found but without any immune response. Carbon nano-onions grafting with chitosan
improves the biocompatibility and reabsorption of the films, a fact that stimulates tissue regeneration.
Upcoming studies will use in vitro and critical size defect analysis to determine the tissue regeneration
capacity of CS/PVA/CS-g-CNO films.

Supplementary Materials: The following are available online, Figure S1. Mechanical properties of the films.
(A) Young’s modulus and (B) Tensile strength of the different formulations: F1 (CS:PVA:0x-CNO 30.00:70.00:0); F2
(CS:PVA:0x-CNO 29.50:70.00:0.50); F3 (CS:PVA:OX-CNO 29.00:70.00:1.0); F4 (CS:PVA:CS-g-CNO 29.50:70.00:0.50);
F5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00). Figure S2. TGA curves of the formulations: F1 (CS:PVA:ox-CNO
30.00:70.00:0); F2 (CS:PVA:0x-CNO 29.50:70.00:0.50); F3 (CS:PVA:0X-CNO 29.00:70.00:1.0); F4 (CS:PVA:CS-g-CNO
29.50:70.00:0.50); F5 (CS:PVA:CS-g-CNO 29.00:70.00:1.00).
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