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Abstract: Binary nano-biocomposite 3D scaffolds of cellulose nanocrystals (CNCs)—gelatine were
fabricated without using chemical crosslinking additives. Controlled oxidative treatment allowed
introducing carboxyl or carbonyl functionalities on the surface of CNCs responsible for the crosslink-
ing of gelatine polymers. The obtained composites were characterized for their physical-chemical
properties. Their biocompatibility towards different cell cultures was evaluated through MTT and
LDH assays, cellular adhesion and proliferation experiments. Gelatine composites reinforced with
carbonyl-modified CNCs showed the most performing swelling/degradation profile and the most
promising adhesion and proliferation properties towards cell lines, suggesting their potential appli-
cation in the field of tissue engineering.
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1. Introduction

Tissue engineering represents a frontier on damaged tissue and organ repair, which are
difficult to be addressed by conventional therapeutic interventions [1,2]. Tissue engi-
neering needs an interdisciplinary approach, often relying on biomaterials and scaffolds.
Within this framework, on one hand, it is necessary to consider the chemical-physical and
mechanic characteristics of the scaffold. On the other hand, it is necessary to evaluate its
biocompatibility in terms of lack of toxicity, cellular adhesion and proliferation properties
and ability to differentiate into a new tissue [3]. In such a context, the scaffold holds a
primary role in the interaction with native tissues. It promotes tissue repair, thus support-
ing cell adhesion, growth and differentiation and finally, tissue restoration. One of the
main components of the extracellular matrix (ECM) is collagen. Therefore, collagen-based
materials should represent the best candidates for developing tissue engineering scaffolds,
with several examples already reported [4—6]. However, safety concerns, in particular asso-
ciated with its immunogenicity, have emerged [7]. Gelatine is a natural biopolymer derived
from the partial acid or base hydrolysis of collagen. This biopolymer retains most of the
principal characteristics of the parental structure, such as biocompatibility, biodegradability,
and cellular adhesion properties. Moreover, it is nontoxic and non-immunogenic. However,
gelatine has very poor mechanical properties, limiting its application in tissue engineer-
ing [8]. Different methods have been adopted to overcome these limitations, among which
crosslinking [9-11] and using reinforcing materials were investigated. Among biofillers,
cellulose nanocrystals (CNCs) were inserted in the scaffold framework using different
approaches. During the last decade, CNCs have been studied for their application in
the biomedical field due to their characteristics of biocompatibility [12], large availability,
easy surface functionalization [13] and antibacterial properties [14]. As reinforcing material
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for gelatine, different approaches have been exploited for generating the scaffold matrix
through chemical or physical crosslinking. Feng et al. obtained CNC-gelatine composites
by simply mixing solutions of the two components in different ratios and studying their
bioprinting properties [15]; Hivechi used glutaraldehyde as a crosslinking agent, pro-
duced electrospun CNC—gelatine nanofibers and evaluated its toxicity on cell cultures [16].
Hafizi fabricated a gelatine-CNCs hydrogel using gamma irradiation [17] and investigated
its structural properties. Another approach is based on the surface modification of CNCs
by introducing aldehyde functionalities that allow forming a crosslinking network through
covalent bond formations with amine residues of gelatine without using toxic chemical
reagents. In addition, the obtained composite hydrogels showed promising performance
in the bioprinting process, fundamental for 3D scaffold generation [18-20]. In the present
study, we prepared different gelatine-CNC—-reinforced hydrogels, comparing physical
and chemical crosslinking, electrostatic interactions exploiting TEMPO-oxidized CNCs
(CNC-COOH) and ammonium ions on gelatine and Schiff base formation through CNCs
dialdehydes (CNC-DAD) and amino groups. The obtained hydrogels were characterized
for their physical-chemical properties, particularly for their swelling properties, stability in
terms of mass loss, biocompatibility, cell adhesion, proliferation and growth using different
cell lines.

2. Materials and Methods

Gelatine from porcine skin (type A, Bloom number of 300), Whatman#1 filter pa-
per, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) and sodium periodate (NalOy),
MTT and LDH assay kit were purchased from Sigma-Aldrich. All chemicals were analytical
grade and used as received. Deionized water was collected from a Milli-Q purification
system of Millipore (USA). Culture dishes, multiwells, DMEM, DMEM/F12, Pen-Strep,
L-Glu, FBS, PBS and trypsin for cell culture were purchased from EuroClone.

CNCs preparations. CNCs were extracted from Whatman#1 filter paper by acid hydrol-
ysis according to a previously reported procedure [12] were recovered in about 40% yield,
giving a suspension at around 1% w/v concentration. The obtained nanocrystals contain on
their surface half sulfate esters introduced during the hydrolysis. Therefore, we refer to
them also as CNC-SO3~.

The obtained CNCs were submitted to TEMPO-mediated oxidation [21,22]. CNC-
TEMPO were obtained in 50% yield at a final concentration of 0.5% w/v.

CNCs were submitted to NalO, oxidation. In particular, in a 250 mL round bottom
flask, 100 mL of 1% w/v CNCs-SO3~ (1 g) were added and magnetically stirred. To the
CNCs suspension, different amounts of NalO4 were added (2 or 4 g, 9.3 or 18.6 mmol) at pH
3.5 (adjusted with HCl, 37%). The mixtures were left to react under stirring in the dark at
45 °C for 2 h. At the end of the reaction, 1 mL of ethane-1,2-diol was added. The suspension
was purified by dialysis against frequently changed Milli-Q water for 72 h using tubes in
cellulose membrane with a molecular weight cut-off of 12,000 Da (Sigma-Aldrich, Milan,
Italy). CNC-DA2 and CNC-DA4 (dialdehyde) were recovered with a 50% yield, giving a
suspension at around 0.5% w/v concentration.

CNCs characterizations. The ATR-FTIR spectra were performed with a Nicolet i510 spec-
trometer (Thermo Scientific) equipped with an iTR Smart device (total scan 32,
range 4000-800 cm !, resolution 2 cm™1).

DLS and ¢-potential measurements were performed using a Zeta Sizer Nano 3600
(Malvern) with operating laser (A = 632.8 nm) and a backscattering angle of 173°. The data
were processed by Zetasizer software 7.03. The samples were prepared by diluting initial
particles of stock solution to obtain a final concentration of 140 mg/L. Measurements were
carried out at 25 °C using a disposable cuvette. Three replicate measurements per sample
were performed to establish measurement repeatability.

Hydrogels Preparations. In a 25 mL round-bottomed flask, 1 g of gelatine was dissolved
in 10 mL of Milli-Q water under magnetic stirring at 45 °C for 24 h. Then, a suspension of
the different CNCs preparations (containing 110 mg of CNCs, 10% concerning the gelatine)
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was heated at 45 °C and slowly added to the gelatine solution. The mixture was gently
stirred for 15-20 min and poured on glass Petri dishes (diameter 40 mm). The Petri were
air-dried for 24 h.

Hydrogel characterizations. A disk of the dried gel (10 mm X 2 mm roughly) was
weighed and then rehydrated by immersing in Milli-Q water at 25 °C for 24 and 48 h.
After immersion for different times, the specimen was removed from the water. The excess
surface water was carefully removed by wiping, and the gel was weighed. The swelling
ratio SR (%) was calculated by Equation (1):

Swelling ratio SR (%) = Wt — Wo X

100 1)
where W, was the initial dried gel weight and W was the rehydrated gel weight after 24 or
48 h. All the swelling experiments were done in triplicate. After the swelling experiments,
the rehydrated gel was dried by lyophilization and weighed. The mass loss (%) was
calculated by Equation (2):

— Wf
Mass loss(%) = Wo — Wi X

100 2
where W, was the initial dried gel weight and W¢ was the dried gel weight after 48 h of
swelling experiments. The values reported are the means of three analyses with a standard
error of £5%.

SEM analysis. Scanning electron microscopy (SEM) was used to ascertain the mor-
phology and the dimension. The instrument used was a Zeiss Ultra Plus field emission
scanning electron microscope operating at 7.0 kV. Samples were prepared by dispersing
10 mL of the suspension in 30 mL of distilled water. The mixture was then sonicated for
few minutes. 1 mL of the sonicated suspension was thereafter dispersed in ethanol and
sonicated again for about 10 min. About 100 microliters of the sample were deposited on a
stub for analysis.

Cell cultures. For the biocompatibility experiments, three different cell lines were used.
In particular, 1929 is a mouse a fibroblast-like s derived from normal subartaneous areolar
and adipose tissue (ATCC); A549 is a human epithelial initiated through explant culture of
lung carcinomatous tissue HEK293 (ATCC) and HEK 293, a very common immortalized
cell line that, despite its origin is still debated [23], is widely used in cell biology and
biotechnology studies. Cells were cultured in DMEM (A549), or DMEM/F12 (L929 and
HEK) medium supplemented with 10% fetal bovine serum (FBS), 1% of L-Glutamine
and 1% of penicillin/streptomycin and maintained at 37 °C in a humidified CO, (5%)
atmosphere.

Cell adhesion. Cell adhesion tests were conducted on 60 mm Petri dishes. Three differ-
ent conditions were identified: either the Petri dishes were treated for cell culture (positive
control), or they were suitable for bacterial growing (negative control), or were coated with
the selected hydrogel (test condition). 3 x 10° cells were plated and monitored daily for
adhesion. Images were taken with a phase-contrast inverted microscope (Leica DMIL)
equipped with 10x and 20X objectives.

Cell counting. A simple vital cell counting technique using a Neubauer improved
hemocytometer was used to monitor the viability of the cells and their rate of proliferation.
Cells were plated at a density of 10* cell/well in a 24-wells plate, either treated for cell
culture or coated with the selected hydrogels. Each day, three wells for each condition were
trypsinized and counted. Trypan blue dye exclusion staining was used for light microscopic
quantitation of cell viability. Briefly, after trypsinization, cells were suspended in PBS con-
taining the trypan blue solution at a 1:1 ratio, about 15 uL of the suspension was transferred
to the edge of the cell counting chamber and then observed at the light microscope to
determine the percentage of viable (unstained) versus the non-viable (stained) cells.

LDH assay. Leaking membranes of damaged or dead cells release the cytoplasmic
enzyme lactate dehydrogenase (LDH) into the surrounding medium. Cells were plated in
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a 96 multiwell at a density of 2 x 10* cells/well. 24 h after cells seeding, LDH release was
analyzed using the cytotoxicity detection kit according to the manufacturer’s instruction.
The optical density was measured with a microplate reader (Victor3 1420 multilabel counter,
PerkinElmer) at 490 nm. The relative amount of released LDH was normalized to the total
amount of LDH of control cells, completely lysed with lysis buffer provided from the kit.

MTT assay. Cells were plated in a 96 multiwell at a density of 2 x 10* cells/well.
MTT ([3-(4,5-dimetiltiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay [24] was per-
formed 24 h after cells seeding. Briefly, MTT solution was added to the cells to a final con-
centration of 0.5 mg/mL. The cells were incubated at 37 °C for 3 h. After incubation, ethanol
was added to each well to dissolve the formed formazan crystals. Absorbance at 550 nm
was measured with a microplate reader (Victor3 1420 multilabel counter, PerkinElmer).
Untreated cells were used as a negative control.

Statistical analysis. All experiments were conducted at least in triplicate independently.
Viability values represent the mean of the experiments £ standard deviation (SD). Statis-
tical analyses were performed using OriginPro8 (OriginLab Corporation, Northampton,
MA, USA). Data were compared using the unpaired Student’s t-test and expressed as
means + SEM (standard error of the mean).

3. Results and Discussion
3.1. CNCs Preparation

To synthesize cellulose nanocrystals from filter paper, selective and controlled hydrol-
ysis in concentrated H,SO4 was performed. The conditions permitted the selective acid
hydrolysis of the amorphous cellulose regions and the release of the rod-like nanocrystal-
lites in a stable water suspension [25]. This is due to the insertion of sulfate half-esters on
the cellulose surface during the extraction procedure. Those samples were named CNC—
SO;3™ and characterized by a nanodimension of 155 nm, DPI 0.2. Moreover, the sulfate
half-esters (strong acids) on the surface improved the colloidal stability by conferring a
(-pot equal to —33 mV. SEM image reported in Figure 1 confirmed the rod-like morphology
of the nanoparticles and their dimension.

Figure 1. SEM image of CNC-SO; ™.

Then, the primary hydroxyl groups in C6 on the nanocrystal surfaces were oxidized
to carboxylic acids by TEMPO, obtaining CNC-COOH [21,22]. By DLS, the dimension
(116 nm, 0.22 DPI) and the ¢-pot (-17 mV) were measured. The oxidation condition slightly
decreased the dimension and the (-pot, probably by (i) the partial removal of sulfate
half-ester due to the required alkaline conditions and (ii) the partial deprotonation of the
carboxylic groups (weak acids). Another modification was investigated, the oxidation of
the hydroxyl groups in C2 and C3 to aldehydes promoted by NalOy [26]. Different oxidant
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Trasmittance (%)

amounts (2 and 4 g see preparation procedure) were investigated at a constant time
(2 h). By DLS, the dimension (74 nm, 0.25 DPI) and the {-pot (=20 mV) were measured,
indicating that also, in this case, the dimension and the (-pot were reduced concerning
the starting CNCs. Overall, the {-pot measurements indicated that the nanoparticles were
synthesized as a stable colloidal suspension (¢-pot < —20/15 mV). This evidence could
assure a good dispersion of CNCs during the hydrogel preparation avoiding agglomeration
and maximizing the reinforcement by polymerfiller interaction. To investigate the surface
chemical modifications, FT-IR spectra were acquired. In Figure 2, the spectra of CNC-SO3~,
CNC-COOH and CNC-DA (2 and 4 g, 2 h) were overlapped along with the chemical
structures of the cellobiose unit. The CNC-5O3~ spectrum showed the typical bands
reported in the literature [27] related to the hydroxyl group that dominated the surface
chemistry of those nanoparticles.
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Figure 2. FT-IR spectra of CNC-SO3~, CNC-COOH, CNC-DA?2 and CNC-DA4 along with the chemical structures of the
representative cellobiose unit.

In particular, the spectrum exhibited the characteristics bands of -OH groups at
around 3300 cm ™!, of -CH,- at around 2900 cm~! and of C-O stretching vibrations at
1100-1000 cm 1. After TEMPO oxidation, the carboxylates band at 1600 cm ™! was de-
tected as an indicator of oxidation, while, after sodium periodate treatment, the hemiacetals
band at around 900 cm ! was detected. Even if this band overlapped with the primary
alcohol band of cellulose, it was more significant in FT-IR concerning the expected band of
aldehydes at 1700 cm ™! after sodium periodate oxidation [28]. This is due to the complex
equilibrium, which newly formed aldehydes undergo by intra- and/or intermolecular
hemiacetal ring formation. For the sake of clarity, only the hydrated form in C2 and the
intramolecular hemiacetal of C3 with the hydroxyl group in C6 are reported. On magnifi-
cation, it is possible to observe that CNC-DA4 had a stronger absorption than CNC-DA2,
indicating that oxidant increasing (from 2 to 4 g) clearly introduced more aldehydes on the
nanoparticles. In conclusion, the FT-IR analyses confirmed the surface modifications sup-
porting the conclusion that carboxylic acid and aldehydes were introduced on the CNCs.

3.2. Hydrogels

The different CNC preparations were used at 10% w/w to prepare binary hydrogel
in the presence of porcine gelatine. The cellulose nanocrystals with sulfate half-esters
-5037, carboxylates -COO™ and aldehydes C=0O were investigated as reinforcing filler with
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physical/chemical crosslinking ability for the -NH;3*/-NH, groups of gelatine. Sulfate
half-esters and carboxylic acids could interact with the amino/ammonium groups of
gelatine through ionic interactions. In contrast, the aldehyde groups could react to form
imine covalent bonds. FT-IR spectra of pristine gelatine and the different CNC reinforced
hydrogels (stack) before and after swelling experiments (overlapped) are reported in
Figure 3.
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Figure 3. FT-IR spectra of pure gelatine, hydrogel gel-CNC-S03~, gel-CNC-TEMPO and gel-CNC-DA 2 and 4 (stacked)
before and after swelling experiments (overlapped) of the different crosslinked composites.

Gelatine characteristic bands at 1630 cm ™! (amide I) and at 1530 cm ™! (amide II) were
easily recognized. Comparison of the gelatine spectrum to the CNC reinforced hydro-
gels showed a significant difference at around 1000 cm~! in the area of C-O stretching,
characteristics of cellulose. The FT-IR spectra of CNC-SO3~ and CNC-COOH gelatine
hydrogel was not able to highlight the ionic interaction, while in the CNC-DA gelatine
hydrogel spectra, the reaction of aldehydes and amino groups to form the Schiff’s bases
was indirectly proved by the disappearing of the acetals band at 900 cm~!. More infor-
mation was obtained by comparison of the hydrogel spectra before and after swelling
experiments (overlapped). It was observed that the characteristic cellulose band (C-O
stretching) at around 1000 cm~! changed intensity, and for CNC-SO;~ and CNC-COOH,
we detected a significant increase: this observation was interpreted as a loss of gelatine
during the swelling experiments that led to a relative enrichment of CNC in the final
hydrogels. For CNC-DA2 and 4, the spectra were almost completely superimposable,
indicating that during the swelling experiments, no change in the hydrogel composition
occurred. These data are in agreement with hydrogel stability measurements reported in
the next section.

3.3. Swelling Behavior and Stability

To investigate the role of CNC surface modifications on the binary hydrogel matrix,
swelling and mass loss experiments were performed. The different hydrogel swelling
ratios (24 and 48 h) were reported in Figure 4. From the data, it is possible to conclude that
the hydrogels reached the swelling balance and higher immersion times (48 h) decreased
the swelling ratio for all the samples (except DA4), indicating a partial hydrogel instability.
The material solubilized during the test, as observed by FI-IR analyses, was mainly gelatine.
The lost gelatine molecules were part of the unbound and/or loosely bound polymeric
fraction. This was clear for gelatine alone that was characterized by a high swelling ratio
(SR) at 24 h, a strong decrease of SR at 48 h (4000 to 3500%) with roughly 45% as mass loss
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(ML). The addition of CNCs strongly decreased the SR (both the absolute value and the
difference 24 /48 h) and the ML. For CNC-SO?~ and CNC-COOH, we measured roughly
at SR of 1500% and 600%, respectively, with an ML of around 20% for both the specimens.
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Figure 4. Swelling ratio (SR) at 24 h and 48 h, and mass loss (ML) in% for different hydrogels.

The nanoparticles with sulfate half-ester and carboxylates reinforced the hydrogel
increasing the crosslinking and the bound polymeric fraction. Probably the low absolute
number of active sites (mainly sulfate half-ester) and their weak ionic interactions (with
amines) were not able to create a stable hydrogel. On the contrary, using CNC-DA led to
more stable gels with SR at 500 and 300% (respectively 2 and 4 g of oxidant) and an ML
under 10%. The imine covalent bonds chemically crosslinked the hydrogels, maintaining
gelatine’s swelling ability but strongly increasing the stability. Those specimens were
considered stable enough and suitable to be explored for cell culture adhesion and growth.

3.4. Cell Adhesion and Growth

The selected hydrogels were submitted to swelling and stability in PBS at 37 °C
before cell growth. Adhesion experiments were performed to better simulate physiological
conditions. The data for the binary hydrogel gelatine/CNC-DA2 and CNC-DA4 were
comparable to those obtained in Milli-Q water. The SR was 630 and 580% for CNC-DAD?2
and 380 and 200% for CNC-DAD4 after 24 and 48 h, respectively. The difference 24/48 h
was higher, in line with a higher mass loss% for both the specimens, which were finally
considered stable on cell growth medium. Since adhesion on supporting substrate is crucial
for cell growth, both the selected gelatine hydrogels were tested with L929 and A549
cell lines. Petri dishes treated or not treated for cell culture were positive and negative,
respectively (see Methods). After the initial attachment, L929 cultured on CNC-DA2
showed a typical flat and spindle shape. On the contrary, when cultured on CNC-DA4,
their shape was rounded and easily detachable. Epithelial cell A549 lose their ability
to adhere to the surface on both matrices. We concluded that CNC-DA4 was overall
unsuitable for cell growth and discarded it for further studies. CNC-DA2, instead, was also
tested on HEK293, which seeded onto such surfaces easily attached and grew (Figure 5).
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Positive control  Negative control CNC-DAC2 CNC-DAC2
3 days 5 days

Figure 5. Typical phase-contrast images of the cell lines tested for adhesion to CNC-DAC2 hydrogel

L929

9

AS54

HEK293

gelatine (bright-field, magnification 10x and 20 x, the scale bars represent 100 m) monitored at day
3 and 5 after plating.

Cell attachment occurring in the first stage of cell/matrix interactions may affect cell
proliferation. In fact, despite a prolonged lag phase, perhaps due to the cells fitting to the
new environment, cells grow evaluation showed increased cell density for both L929 and
HEK?293 (Figure 6A,B). Detached cells were not detected in the culture medium. Once in
the exponential phase, the cell doubling time, measured between the 3rd and 5th day of
culture, slowed for the 1.929, going from about 30 h when growing in the control condition
to 48 h when growing on CNC-DA?2, and accelerated for the HEK from 48 h when growing
in the control condition until about 14 h (insets). To assess the fitness of the cell cultures,
the integrity of the plasma membrane (LDH assay) and the metabolic activity (MTT assay)
were evaluated. When the cell membrane integrity is compromised, lactate dehydrogenase
(LDH), a cytosolic enzyme, is released in the extracellular environment. Thus the presence
of this enzyme in the cell culture medium may be considered an index of cell death.
As shown in Figure 6C, low levels of LDH were detected. Thus the membrane appears
intact in both the cell lines. The level of reducing MTT into formazan by mitochondrial
enzymes reflects the level of cell metabolism. This parameter may be considered as a
viability index. Both the cell lines considered could convert the MTT into a formazan
product. Still, the HEK293 seemed to be slightly more affected by the presence of the
hydrogel than L929 (Figure 6D).
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Figure 6. Cell growth and biocompatibility evaluation. (A,B) Cell growth of L929 and HEK293 cells,
respectively, in dishes treated for cell culture and in dishes coated with CNC-DAD?2. In the insets,
the normalization of the curve to the cell number obtained on the 5th day. (C,D) LDH and MTT assay,
respectively. Data are expressed as means + standard error of experiments carried out in triplicate.

4. Conclusions

Among the different binary CNC-gelatine biocomposite 3D scaffolds fabricated,
the CNC-DAD2 obtained without using crosslinking additives showed the most promising
physicochemical characteristics in terms of stability and swelling. The selected scaffold
was also biocompatible and nontoxic, as revealed by the MTT assay on all cell lines, and
presented very promising adhesion and proliferation properties towards fibroblasts that
play a major role in the tissue engineering and regeneration field [24]. These findings pave
the way for further development of such scaffold for its possible future application in the
field of tissue engineering.
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