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Abstract
The development of new cell carriers systems are crucial for application in regenerative medicine, once
they deliver the cells to the injured tissue to trigger the repair and stimulate the regeneration of the new
tissue, and so far various carrier systems have been investigated in this regard. Here we report on the
synthesis and characterization of a new cell carrier system in �ber shape where the cells osteo-1 are
incorporated into the oxidized cellulose nano�bers suspension and then complexed with calcium ions in
a pulling process giving rise to the �ber loaded with cells. The microscopic images showed the success
of the proposed method to incorporate the cells into the �bers. The results of the in-vitro viability tests
indicated the capability of the �bers to keep the cells alive and to mineralize them, indicating that their
osteogenic capability was not affected. In addition, the �ber disintegration studies showed the system is
capable of releasing the cells, suggesting the potential of the �bers as a new assembled hydrogel carrier
cell therapy.

1. Introduction
Hydrogels based on biopolymers, are promising materials for use in regenerative medicine because of
their properties such as biocompatibility and high water content, which allows oxygen and nutrients to
permeate it, providing the adequate environment for cells signaling, proliferation (Hospodiuk et al. 2016)
and improving the interaction with cells (Triplett and Budinskaya, 2017). The conventional cells
administration, normally carried out in liquids injectable vehicles, can lead to the local cell aggregation,
migration or distribution to undesired tissues, decreasing the cell survival at the local of the lesion,
decreasing also the e�ciency of the treatments (Herberts et al. 2011), mainly because the lack of an
appropriate vehicle to accommodate and keep the cells at the site of the administration. The cross-linked
hydrogels can keep the tridimensional structure, without dissolution, supporting and mimicking the cells
natural environment before disintegration. In cell therapy, the maintenance of the cells at the site of the
injury favors the new tissue formation, increases the speed of the repair and the reconstruction of the
pristine tissue. New materials for cell delivery based on viscous solutions of natural polymers have been
widely studied (Triplett and Budinskaya, 2017), however, few non covalent cross-linked examples are
described in the literature, and the most studied are the calcium alginate (Draged et al. 1997; Draged et al.
1998) based systems.

Nano�brillated cellulose (CNF)- based hydrogels have been investigated as a promising nanostructured
biomedical material owing its biocompatibity and absence of human cytotoxicity (Aljohani et al. 2017;
Jor� and Foster, 2015; Klemm et al. 2005; Salimi et al, 2019). The oxidation of CNF hydroxyls to carboxyl
groups using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO catalyst) is one of the most used methods to
introduce negative charges on cellulose �bers which increases cellulose hydrophilicity (Saito et al. 2006)
and giving rise to concentration-dependent viscosity hydrogel formed by individualized nano�brils (Saito
et al. 2006) (Singh et al. 1982) (Weishaupt et al. 2015). Carboxylate groups are also appropriate to
crosslink cellulose by ionic complexation (Carvalho et al. 2016) (Grande et al. 2017), which may be used
as a bottom-up approach to obtain �exible scaffolds with superior cell distribution. TEMPO oxidized
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cellulose nano�bers (ToCNF) derivative can be assembled into beads with 0.5–3 mm diameter (Carvalho
et al., 2016) or �bers with 0.2 mm diameter (Grande et al., 2017) by ionic complexation. Several tissues
are naturally organized in �ber shape, including the nervous system and the striated muscle, the most
challenging tissues to be repaired. Fibers loaded with cells can be used to guide the regeneration of these
noble tissues, mimicking their pristine arrangement. However, engineering a complex 3D construct for in
situ cell encapsulation in a bulk hydrogel is challenging and few systems comprising �ber cell loading
and delivery structures have been reported. (Laurén et al. 2017; Kalisky et al. 2016). In this vein, here we
propose to prepare ToCNF �bers loaded with cells aimed at harnessing the versatility of these �bers
towards potential applications that involve cell loading/release for regenerative medicine application.

For such, the cells are incorporated into the ToCNF suspension, a drop of the cell loaded suspension was
put in contact with a drop of calcium chloride solution and pulled out for the �ber formation. To the best
of our knowledge, the preparation of �bers from ToCNF and CaCl2 and its loading with cells is described
here for the �rst time. The presence of cells within the �bers was analyzed by optical microscopy and
their viability by resazurin and mineralization studies. The proposed �ber-based cell carrier system
represents a promising material, once they can burst the technology in such a �eld.

2. Results And Discussion

2.1. ToCNF preparation and characterization
Figure 1 top panel depicts sugarcane bagasse conversion in nano�brilated cellulose suspension and at
botton panel, FTIR spectra of CNF and ToCNF, the conductometric titration curve of ToCNF and SEM
image of ToCNF. Figure 1A shows sugarcane bagasse after Soxhlet extraction, in which the �bers
agglomerate are large (~ 1 mm length) and brownish due to the presence of lignin (Fig. 1A), Fig. 1B and C
shows the bleached sugarcane bagasse after lignin extraction prior oxidation and after oxidation,
respectively. Figure 1D shows the sonicated transparent aqueous ToCNF gel, and its respective scanning
electron microscopy image (Fig. 1E). The CNF suspension (Fig. 1C) is formed by the agglomerated CNF,
visible at naked eye. The nano�bers separation by mechanical deconstruction using the ultrassonication
processes generated the high viscous transparent gel (Fig. 1D). CNF and ToCNF FTIR spectra (Fig. 1F)
displayed typical absorption bands of cellulosic substrates at 3300, 2880 and 1100 cm− 1, corresponding
to the vibrations of the O-H, C-H and C-O groups of cellulose, respectively. ToCNF spectra displays, in
addition to the typical cellulose bands, a strong band at 1600 cm− 1, which correspond to the vibrations of
the carboxylic group, indicating the success of the oxidation reaction, in agreement with the literature
(Saito et al. 2007). Conductometric titration (Fig. 1G) was used to determine the content of carboxylic
groups formed by the oxidation reaction, which resulted in 1.8 mmols.g-1 of ToCNF, con�rming the
success of the reaction.

2.2. ToCNF �bers preparation and cell loading
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The preparation of the cell loaded �bers followed the principle previously described in our research group
(Grande et al. 2017), in which the �ber is generated by ionic complexation of anionic ToCNF with a
cationic polymer macromolecule. Cell loading was carried out by centrifuging growth cells and then,
dispersing cells pellet into the ToCNF suspension prior the �ber spinning. The �ber drawing method
consisted in depositing a droplet of the ToCNF suspension loaded with cells and a droplet of CaCl2
solution onto a Petri dish and joining the drops using the tweezers in such a way that the two drops were
in lateral contact. The interface of the drops and gently pulled by using twezzers, giving rise to the cell
loaded �ber, as schematized in Fig. 2. The �ber was pulled out from the interface formed by the positive
and the negative charged components.

Figure 3 depicts the �ber formation process. Droplets from CaCl2 solution and ToCNF/cell suspension
were deposited on the Petri dish (A). Upon the droplets contact, a viscous interface is generated by
interfacial ionic complexation (B, C). Dragging the viscous interface upwards (D), leads to the formation
of the long hydrogel �ber (E). The still wet �ber is immersed in the culture medium.

The formation of the crosslinked gel was capable of supporting the dispersed cells within the �bers. The
tridimensional network environment was formed by the interaction of two negatively charged group on
ToCNF surface (from one or two �bers) with one divalent calcium ion, generating the cross linking and
leading the �ber to assembly when pulled. The presence of the cells in ToCNF suspension allow them to
be loaded and accommodated into the born gel �bers. The dispersion of the cells within the �bers can be
the result of these strong electrostatic forces which cross link ToCNF with the calcium ions. Thus, even
the large cell size (about 50 um) when compared to the ToCNF nano�bers (~ 20 nm), they remain
dispersed because of the mechanically stable tridimensional network hydrogel.

2.3. Cell viability
The results of viability measurements, the images of the cell within the �bers and their nuclei marked with
the �uorescent DNA marker DAPI, are shown in Fig. 4. The cells´ distribution within the �bers were
followed by bright �eld optical microscopy and confocal �uorescence microscopy. The optical
microscopy of the �ber free of cells, Fig. 4A, shows the appearance of a transparent �ber. Figure 4B
shows the �ber loaded with cells, in which several cells are seen as dark points homogeneous distributed
along the �bers. The confocal microscopy (Fig. 4C, D and E) shows the images of the �uorescent cells
nuclei marked with DAPI. The results clearly indicated the tridimensional distribution of the cells within
the �bers, in which, the depth reached by the technique was about 300 µm from the �ber surface. These
results indicated the tridimensional distribution of the cells within the �bers, as shown by the cross
section in Fig. 4G, H and I. The image showed in Fig. 4E reveal a higher density of cells into the �ber from
48 h of incubation, suggesting the cell proliferation. The cell viability (Fig. 4F) was determined using the
resazurin method. In this method, the resazurin is inserted into the culture media and its metabolism by
living cells generate the �uorescent product resoru�n, which is used to estimate the cell viability. The
�uorescence intensity is proportional to the number of alive cells (cell viability). The results suggested a
tendency to increase, however, with no signi�cant differences for the values at zero and 24 h, and with no
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signi�cant difference when comparing the 24 and 48 h viability values, indicating the cells kept alive
during all the measured incubation time.

One of the most important properties of the materials for cell delivery is the maintenance of the cell
viability. For such, the permeability of the small molecules such as oxygen and carbohydrates are crucial
for the cell’s survival. The cell viability within the �bers indicated the ToCNF �bers were permeable to
oxygen and nutrients, keeping the cells alive for all the period of the experiment, 48 h. The results
indicated the success of the �ber cell loading method and the capability of the �bers shape and
composition to keep the cells alive within it.

2.4. Osteogenic potential of the cells after loading into the
�bers
The osteogenic potential experiment was carried out to evaluate if the cells kept their differentiation
capability after being loaded and kept within the �bers, as an indicative of their healthiness. Calcium
deposition on the extracellular matrix indicates the late osteogenesis as the result of the osteoblasts
precursors cells maturation (Smieszek et al. 2020) and can be used to evaluate if the cells kept their
capability of differentiation. The principle of the method is based on the complexation reaction in which
one mole of Alizarin red binds to two moles of calcium forming the dark red Alizarin red-calcium complex.
Figure 5A shows the result of the cells maintained for 15 days under osteogenic conditions and marked
with Alizarin red. The dark red calcium deposits (some of them indicated by arrows) is the result of the
Alizarin Red-calcium complex formation and precipitation, indicating that the mineralized matrix was
formed and that cells properly differentiate. The result indicated that the cells kept its property of
differentiation, once the mineral matrix was formed, even loaded within the �bers. Figure 5B shows the
result of the �ber free of cells marked with alizarin red, in which no calcium deposits could be seen. This
�ber was used as the control, once calcium ions were used to drawing the �bers, and the results indicated
it does not lead to the formation of calcium deposits.

2.5. Fiber disintegration
The disintegration study was carried out in order to evaluate the capability of the �bers to release the
cells. For such, the �bers were inserted into the wells of the microplate �lled with phosphate buffer saline
(PBS). The PBS exchanging simulated the body �uids circulation, leaching the local salts. The repeated
leaching is capable of removing or exchanging the salts from the poly-ion complex formed by calcium
salts and ToCNF, leading the �ber to slowly degrade. It can be seen as a positive property of the �bers,
once the cells can be released when it disintegrates. Figure 6 shows the image of the whole �ber (A), the
starting disintegration step (B) and the advanced disintegration step (C). At the second and third steps
some dark agglomerates were observed in all the �bers and could be attributed to the small agglomerates
of �bers released during the disintegration.
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The hydrogel �bers could be used in clinical approaches as cell carriers for releasing these cells at the
injured site, in which they will proliferate and differentiate for repair the damaged tissue. The capability of
the �bers to keep the cells alive without losing their intrinsic capabilities, such as the differentiation, and
its slow disintegration, releasing the cells in a controlled period of time indicate the potential of the
material for use in cell therapy in regenerative medicine. The hydrogel �bers display large diameter (1–2
mm, Fig. 4C), interesting features for guiding the regeneration in an organized arrangement of cells after
the degradation of the ToCNF matrix, they can also be used for �lling critical lesions and as a matrix
(bioink) for bioprinting applications.

3. Conclusions
The preparation of TEMPO oxidized cellulose nano�bers �bers and its loading with cells aiming to
develop a novel cell carrier system is reported here for the �rst time. The �bers were prepared by ionic
complexation of complexation of TEMPO oxidized cellulose nano�bers and calcium ions in a drawing
process, in which the cells were incorporated into the ToCNF suspension. The cells incorporation into the
�bers were shown by bright �eld optical microscopy and confocal �uorescence microscopy. The
capability of the �ber to keep the cells alive was demonstrated by viability studies and its release
capability was shown by the degradation of the �bers in PBS after 3–7 days of incubation. The
deposition of the extracellular mineralized matrix indicated that the cells differentiation capability was
not affected by incorporation into the �bers. The results showed the proof of concept of incorporating
and keeping the cells alive within the �bers represent a promising strategy for application in cell therapy,
mainly as a scaffold for guiding the repair of tissues in which the cells grow in �brillar shape, or for
reconstitution of layer by layer tissue with different cell types. The material can also be useful for
bioprinting and regenerative medicine in general.
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Figures

Figure 1

(A) Raw sugarcane bagasse, (B) CNF suspension, (C) ToCNF suspension before homogenization, (D)
homogenized ToCNF suspension, (E) SEM of ToCNF, (F) FTIR spectra of CNF and ToCNF, (G)
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Conductometric titration curve of ToCNF.

Figure 2

Scheme of the preparation of the cell loaded ToCNF �ber

Figure 3

The droplets of CaCl2 and ToNF on the Petri dish (A), their approximation with the tweezers (B), the
tweezers into the interface (C) and the �ber hydrogel (D and E).
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Figure 4

The images of optical microscopy of the �ber free of cells (A) and loaded with cells (B), the confocal
microscopy at 0, (C) 24 (D) and 48 h (E) of incubation, showing the �uorescent cells nuclei marked with
DAPI and the results of viability measurements (F).
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Figure 5

Alizarin red staining showing the calci�ed dark red nodules deposition after 14 days in culture.

Figure 6

Fiber disintegration in PBS at zero (A), 3rd (B) and 7th (C) days time points.
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