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Over the recent years, various materials have been introduced as potential 3D cell culture scaffolds. These in-
clude protein extracts, peptide amphiphiles, and synthetic polymers. Hydrogel scaffolds without human or
animal borne components or added bioactive components are preferred from the immunological point of
view. Here we demonstrate that native nanofibrillar cellulose (NFC) hydrogels derived from the abundant
plant sources provide the desired functionalities. We show 1) rheological properties that allow formation

;(Ey‘cme(l’lr iilture of a 3D scaffold in-situ after facile injection, 2) cellular biocompatibility without added growth factors, 3) cel-
Hepatocyte lular polarization, and 4) differentiation of human hepatic cell lines HepaRG and HepG2. At high shear stress,
Nanocellulose the aqueous NFC has small viscosity that supports injectability, whereas at low shear stress conditions the
Nanofiber material is converted to an elastic gel. Due to the inherent biocompatibility without any additives, we con-

Plant-derived cellulose clude that NFC generates a feasible and sustained microenvironment for 3D cell culture for potential applica-

tions, such as drug and chemical testing, tissue engineering, and cell therapy.

© 2012 Elsevier B.V. Open access under CCBY-NC:-ND license

1. Introduction

Three dimensional (3D) cell cultures are emerging tools in cell
biology, regenerative medicine, cell therapy, chemical testing and
drug discovery. Compared to two-dimensional (2D) cultures, the
three-dimensional cell cultures mimic more closely the in-vivo tis-
sue. An optimal 3D culturing environment resembles the physiolog-
ical microenvironment and extracellular matrix (ECM). In tissues the
ECM plays a pivotal role in determining the phenotype of cells [1-3].
Mostly, the ECM is composed of glycosaminoglycans and fibrous pro-
teins, such as collagen, elastin, laminin and fibronectin, which are
self-assembled into a nanofibrillar network [4,5]. This network provides
structural support to the cells and allows biochemical signaling for
cellular guidance. It is obvious that cell behavior is highly regulated
by the complex interplay of factors that act in 3D microenvironment.

Mostly cell culture experiments are carried out in 2D format using
conditions that may be quite different from the real physiological
situations. Taken the environmental factors in cell growth and differen-
tiation, the differences of cell culture conditions may lead to erroneous
conclusions in the experiments. Therefore, there is a continuing need
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E-mail address: marjo.yliperttula@helsinki.fi (M. Yliperttula).
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0168-3659 © 2012 Elsevier B.V. Open access under CC BY-NC-ND license,
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for improved cell culture systems that would result in proper cellular
phenotype, and more reliable cell based research in many fields of
biomedicine [6-8].

Artificial ECM mimicking 3D matrices have emerged as a potential
strategy towards more realistic in vivo like cell culture systems. The
3D matrices (i.e. cell culture scaffolds), are based on natural and/or
synthetic biomaterials. Biomaterials provide mechanical support
and host relevant biochemical cues (peptides, peptide amphiphiles,
carbohydrates, growth factors) to cell growth and differentiation. An
ideal matrix for 3D cell growth should mimic the ultrastructure and
mechanical properties of native ECM, support cell growth and main-
tenance with biochemical signals, and yield a framework for transfer
of nutrients, waste metabolites and intercellular chemical signaling.
In essence, the scaffold should lead to cellular functions that are iden-
tical to the native state of the particular cell type. Such optimized cell
culture systems have enormous potential in basic biomedical re-
search, drug development, and cell-based transplantations. Predictive
cell models for preclinical drug discovery are needed to improve the
current success rate of 10% in clinical drug testing [9]. Improved 3D
cell culture systems are also needed for tissue engineering and cell
transplantation purposes [7]. Finally, recent advances in human
stem cell biology (e.g. induced pluripotent stem cells) underline the
need for 3D cell culture systems that would support proper 3D phe-
notype of the cells during differentiation process [10].
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Hydrogels are promising class of materials for 3D cell culture
[11-18]. In hydrogels, a network of interconnected pores enables re-
tention of high water content, and efficient transport of oxygen, nu-
trients and waste products [12]. Hydrogels from both synthetic and
natural sources have been used for 3D cell culture. The bioactive com-
ponents of hydrogels can be defined (e.g. peptide-based materials
such as PuraMatrix™ or peptide amphiphiles) or undefined (extracts
from animal or human origin, like Matrigel™, MaxGel™). Undefined
biomaterials are well suited for 3D cell culture in vitro, but they
cannot be used for in vivo cell therapy and tissue engineering.

Various kinds of polysaccharides molecularly dissolved in aqueous
media have been used scaffolds for tissue engineering, but typically
they require separate cross-linking step to form the hydrogel network
[19]. By contrast, the native cellulose nanofibers produced in bacteria
and plants [16] form colloidal level dispersions in aqueous medium
instead of solubility. They have mechanically strong native crystalline
structure, lateral dimensions in the nanometer length scale and they
can have high aspect ratio leading to aqueous gels [20], encouraging
for cell culturing experiments. The bacterial cellulose scaffolds have
already proven to be suitable for the tissue engineering of hard tis-
sues like bone and cartilage [16,21]. Plant derived native nanofibrillar
cellulose has not found application in tissue engineering. Native plant
derived nanofibers can be isolated from plant cell walls using inten-
sive mechanical shearing combined with chemical and enzymatic
pre-treatments or TEMPO oxidation [20,22,23]. Therein, aligned (-D-
glucopyranose polysaccharide chains form mechanically strong cellu-
lose I crystals with hydrogen bonded parallel polymer chains. In aque-
ous environment, these native cellulose nanofibers form hydrogels
even at low concentrations, typically down to 0.1-0.2 wt.% [20].

This study demonstrates the feasibility of plant derived native
nanofibrillar cellulose (NFC) hydrogels as 3D-cell culture scaffolds.
The material is interesting due to its defined single component struc-
ture, tunability of hydrogel properties, and availability. Structural
properties of NFC hydrogel were investigated, and their properties
as cell culture scaffolds were evaluated using hepatocyte and retinal
pigment epithelial cell lines. We show that a single component NFC
scaffold promotes hepatocyte 3D cell culture without added bioactive
components. To the best of our knowledge this is the first report using
plant derived NFC for 3D soft tissue culture.

2. Materials and methods
2.1. Biomaterials

Nanofibrillar cellulose (NFC) hydrogel was obtained from UPM-
Kymmene Corporation, Finland. The nanofibers were isolated from
bleached birch pulp via a controlled homogenization process using an
industrial fluidizer. The raw material was aseptically collected from
a UPM pulp mill and thoroughly purified prior to homogenization
with sterilized machinery. Thus, the microbial purity was maintained
through the whole production process. Purified pulp fibers were diluted
with sterilized, ultra high quality water before the fibrillation. The NFC
concentration of the resulting hydrogel is typically 1.7 wt.%. Prior to cell
culturing the NFC hydrogels were autoclaved (121 °C 20 min).
For reference, the commercial cell culturing hydrogels; MaxGel™
(MG), ExtraCel™ (EC), HydroMatrix™ (HM), PuraMatrix™ peptide
(PM) were purchased from Sigma-Aldrich, Glycosan biosystems,
Sigma-Aldrich, BD Biosciences, respectively.

2.2. Electron microscopy

Scanning electron microscopy images were acquired using a JEOL
JSM-7500FA Field-Emission SEM. The diameter of fibrils was mea-
sured from SEM images using image analysis software as described
earlier [22]. Cryo-transmission electron microscopy was carried out
using a dedicated field emission cryo-electron microscope (JEOL

JEM-3200FSC) operated at 300 kV. The method is described in more
detail elsewhere [22].

2.3. Rheological measurements

Rheological measurements of the NFC hydrogel were carried out
at room temperature with a stress controlled rotational rheometer
(AR-G2, TA instruments, UK) equipped with four-bladed vane geome-
try. The diameters of the cylindrical sample cup and the vane were
30 mm and 28 mm, respectively. The length of the vane was 42 mm.
The viscoelastic properties of the hydrogel were determined with a
frequency sweep and a time sweep in dynamic oscillatory mode of
the rheometer at a strain of 0.1 wt.%. The steady state viscosity was
measured in the shear stress range of 0.01-100 Pa.

2.4. Injectability of nanofibrillar cellulose hydrogel cell culture

The hydrogel culture was initiated by mixing ARPE-19 cells with
1.7 wt.% NFC at a density of 25,000 cells per 200 ul in a 96 well
plate. Cells were cultured for 48 h prior the injection with a 1 ml
syringe and different sized needles (20 G-27 G) into a new 96-well
plate. After the transfer the cells were cultured further 24 h and the
viability was assayed using resazurin (see cell viability paragraph)
and a spectral scanning plate reader (Varioskan®, Thermo Scientific).

2.5. Optical properties of nanofibrillar cellulose hydrogel

Absorbance and fluorescence were recorded to determine the op-
tical properties of NFC hydrogel. UV-vis absorbance of 0.5 wt.% NFC
was recorded in the 300-550 nm range with a UV spectrometer
(QuantaMaster™, Photon Technology International) using cuvette of
path length 1 mm. The fluorescence spectra from different concentra-
tions of the hydrogel were measured with a spectral scanning plate
reader after exciting at 405, 488 and 560 nm. The excitation wave-
lengths were selected to reflect usual biological imaging. We used
10 pg/ml Hoechst 33258, 6 pg/ml FITC-dextran 70 kDa and 10 mM
rhodamine 123 as the positive controls for each excitation wave-
length. Purified water was the negative control.

2.6. Diffusion studies

Diffusion studies were performed to model the transport of nutri-
ents to the cells and the mobility of incorporated macromolecules
through NFC hydrogel. The hydrogels were loaded with different
FITC-dextran probes (20, 70, and 250 kDa molecular weight). Stock
solutions and further dilutions of FITC-dextran probes were prepared
in PBS buffer at a final concentration of 125 pg/ml. Briefly in a
transwell system 200 pl of FITC/dextran was added to the apical
chamber containing 300 ul of hydrogel. Samples were taken from
the lower (basolateral) chamber periodically to quantify the fluores-
cence intensity in the lower chamber. The first eight samples were
taken at 15 min intervals; there after samples were withdrawn at
30 min intervals for 4 h. Samples taken from the recipient compart-
ment were replaced with buffer. The permeability of the NFC corre-
lates with the fluorescence intensity. Fluorescence was measured
using a spectral scanning plate reader (ex490, em530). All diffusion
experiments were done at 25 °C.

2.7. Cell cultures

Hepatic progenitor HepaRG cells were obtained from a liver tumor
of a female patient suffering from hepato-cholangiocarcinoma [24] and
were cultured as described previously [24]. Human hepatocellular
carcinoma HepG2 cells (ATCC HB-8065) were cultured in high glu-
cose Dulbecco's modified Eagle's medium supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
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2 mM L-glutamine and 100 mM sodium pyruvate. Human ARPE-
19 cells (ATCC CRL-2302) were cultured in DMEM-F12 (1:1)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin. For all cell lines the
medium was renewed every 2 or 3 days. For cell viability and growth
studies, the cells were seeded at a density of 5x10% cells/cm? (0%
hydrogel), or at 2.5x10% cells/cm? (corresponding to 1000 cells/ul
of biomaterial in 3D). For albumin secretion analysis, HepG2 cells
were seeded in different hydrogels at a density of 2.6x10°/cm?
(corresponding to 1053 cells/ul of biomaterial) and HepaRG cells
were seeded at a density of 13x10* cells/cm? (corresponding to
500 cells/ul of biomaterial). The following biomaterials were used
for cell encapsulation: MaxGel™ ECM (MG), Extracel™ hydrogel (EC),
0.25% HydroMatrix™ peptide cell culture scaffold (HM), 0.25%
PuraMatrix™ peptide hydrogel (PM), and 0.1-1.2 wt.% novel NFC
hydrogel. The hydrogel formation and encapsulation of cells in MG,
EC, HM and PM were performed according to the manufacturer’s
instructions (Sigma-Aldrich, Glycosan biosystems, Sigma-Aldrich, BD
Biosciences, respectively). After gelation medium was added to each
hydrogel culture. 3D NFC cell culture was prepared by mixing the cell
suspension with NFC to achieve 0.1-1.2 wt.% hydrogels, after which
the medium was added. HepaRG were cultured for 30 days and HepG2
cells for 5 days, respectively.

2.8. Cell viability

The mitochondrial metabolic activity of the cells was accom-
plished by the addition of oxidation-reduction indicator, resazurin
(alamarBlue® Cell Viability Reagent), 1/10 of medium volume. After
4 h exposure to resazurin at 37 °C in 5% CO,, 100 pl of medium was
transferred from each well to a 96 well plate and the fluorescent
metabolite of resazurin (resorufin) was recorded with a spectral
scanning plate reader (ex560 and em590). Additionally cell viability
was analyzed by introducing 10 uM fluorescein diacetate (FDA) in
serum-free medium. The conversion of non-fluorescent FDA into fluo-
rescent fluorescein was followed with Leica TCS SP5 Il HCS A confocal
microscope at 37 °C and 5% CO,.

2.9. Total protein analysis

Cells were lysed with RIPA buffer with protease inhibitor cocktail
according to the manufacturer's procedures (Pierce Biotechnology,
USA). Protocols for monolayer-cultured cells and suspension-cultured
cells were followed for standard and 3D cultures, respectively. Total
protein of cell culture lysates was quantified with BCA Protein Assay
Kit (Pierce Biotechnology, USA).

2.10. Albumin secretion

To investigate the liver-specific functions of hydrogel embedded
cells, the secreted albumin levels were determined with Human Albu-
min ELISA kit according to the manufacturer’s instructions (Bethyl
Laboratories, USA). Each collected medium sample was measured in
duplicates and diluted (1:2-1:100) to fit into kit’s standard curve.

2.11. F-actin staining and confocal imaging

The structure of spheroids was analyzed by fixing the cell cultures
in 3% paraformaldehyde for 15 min. After washing with PBS, the cells
were permeabilized with 0.1% Triton X-100 for 15 min and subse-
quently incubated overnight with Alexa Fluor 594-labeled phalloidin
(Invitrogen A12381, diluted 1:100 or 1:50 in PBS) to visualize cellular
distribution of the filamentous actin cytoskeleton. The nuclei were
stained with 1 pg/ml Hoechst 33258. Labeled samples were protected
with an antifade reagent (Prolong gold, Invitrogen) and analyzed
with a confocal microscope (either Leica TCS SP5 or Leica TCS SP2

AOBS). The confocal images were analysed with Imaris 7.4 program
(Bitplane) and either slice or surpass images were constructed.
The possible deconvolution was done with AutoQuant X program
(MediumCybernetics).

3. Results and discussion
3.1. Electron microscopy studies

Cryo-TEM image of vitrified NFC hydrogel (Fig. 1A) shows that the
diameter of the smallest individual cellulose nanofiber is close to
7 nm and that the majority of the material forms larger bundled
structures. Analysis from SEM images showed that the most common
fibril width was between 20 and 30 nm due to some aggregation
(Fig. 1B). The exact length of the nanofibers cannot be estimated
from the images due to the entangled and bundled nature of the
material. It seems however that the individual nanofibers are several
micrometers in length. We point out that the dimensions of the cellu-
lose nanofibers revealed by images resemble those of native collagen.
[25]

3.2. Rheological properties

In aqueous environment, dispersion of cellulose nanofibers
formed a viscoelastic hydrogel network. The gel was formed at rela-
tively low concentrations by dispersed and hydrated entangled fibrils.
The viscoelasticity of the NFC hydrogel were characterized with dy-
namic oscillatory rheological measurements. The frequency sweep
in Fig. 2A shows typical behavior of a NFC hydrogel [26], where the
storage modulus (G’) is much higher than the loss modulus (G'")
and nearly independent of frequency (Fig. 2A).
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35
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10

0O 10 20 30 40 S0 60 70 80
Fibril width, nm

Fig. 1. (A) Cryo-TEM image of vitrified NFC hydrogel. The scale bar, 200 nm. (B) Fibril
width distribution measured manually from FE-SEM image.
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Fig. 3. (A) Structure of 0.5 wt.% nanofibrillar cellulose hydrogel recovers after high-speed
(500 s~ ') shearing. (B) Evolution of viscosity when a 0.5 wt.% NFC gel was sheared at a

constant shear rate of 500 s~ 1.

Importantly, the rheology of the NFC hydrogels show reversible
gelation, see Fig. 2B: Using a stress controlled rheometer, at high
stress levels (valid for injections) a fluid-like behavior is observed
whereas at low stress level and quiescent conditions a step-wise tran-
sition to solid-like behavior is observed below at critical stress level.
The viscoelastic properties of the NFC hydrogels are similar to those
of physiological ECMs [25].

Changes in temperature have only a minor effect on the viscoelas-
tic properties of NFC hydrogels. Thus, the situation is quite different
compared to other cellulose based hydrogels formed e.g. by methyl
cellulose that shows lower critical solution temperature at 40-50 °C.
This difference arises mainly from the inherent structure of fibrils
compared to macromolecular structure of soluble cellulose derivates.
In NFC hydrogels, majority of the macromolecules are aligned in the
crystalline domain of the nanofiber structure. Therefore, a change in
the environment does not trigger conformational changes of the poly-
mer chains, which means that the gel strength is almost constant over
very broad temperature, pH, or ionic strength range. On the other hand,
with soluble cellulose derivates, like methyl cellulose, increase in tem-
perature causes the polymer chain to contract due to increased hydro-
phobic attraction, which eventually leads to macroscopic changes of
the whole aqueous system.

The perceived 10 Pa G’ is an encouraging finding considering cell cul-
turing application, because collagen matrices exhibiting G’ ~4-60 Pa
have shown to support 3D soft tissue culture (human fibroblasts) [25].
At rest (at low levels of shear stress) the NFC network exhibits very
high viscosity at low concentrations (Fig. 2B). This property is necessary
to keep the cells in 3D environment, as a suspension in the gel. Applica-
tion of a certain critical shear stress results in a dramatic decrease in the
hydrogel viscosity (Fig. 2B) presumably due to the disruption of the gel
network. This kind of shear-thinning behavior of the NFC hydrogel is
beneficial, since it allows mixing of cells into the gel and easy dispensing
of the hydrogel cell cultures, e.g. with a syringe and needle, a pipette tip,
or a microfluidic device. An additional important rheological property of
NFC hydrogels is that the high viscosity is established instantaneously
after shearing (e.g. injection or mixing) has stopped. This was demon-
strated by shearing the gel for 1 min at 500 s~ ! in the rheometer
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Fig. 4. Injectability of nanofibrillar cellulose hydrogel cell culture. (A) Schematic draw-
ing depicting regions of low and high shear rates in the needle during injection of
NFC hydrogel cell culture. (B) Cells remained viable after the injection with syringe
needles of different sizes. Fluorescence from the viability marker resorufin is shown
on the Y axis.
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ment cuvette. (B) Fluorescence spectra of hydrogels compared to purified water at
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(Fig. 3B) and by following the evolution of the viscoelastic properties
of the material (at rest) immediately after shearing period. Viscoelastic
gel network (G'>>G") was restored within a few seconds (Fig. 3A).

Obviously, the mechanical properties of 0.1-1 wt.% NFC hydrogels
are different than in the bacterial cellulose scaffolds [16,21,27]. For
example, the Young's modulus of microporous bacterial cellulose
scaffold is 1.58 MPa, which was considered well suitable for bone
regeneration [27].

3.3. Injectability of nanofibrillar cellulose hydrogel cell culture

The effect of dispensing conditions on cell viability was studied by
transferring NFC cell culture with a syringe and needles of different
sizes (Fig. 4). NFC hydrogel with cells may be transferred even with
the smallest needle (27 G) without affecting cell viability (Fig. 4B).
The cells were not damaged by the injection related shear stress.
The shear-thinning property of the hydrogel may aid in keeping
cells viable as it reduces the volume of suspension subjected to very
high shear rates (Figs. 4A, 2B). A 20 G size needle is equivalent to a
1-300 pl pipette tip routinely used in dispensing of cell suspensions.

3.4. Optical properties

Although the cellulose nanofibers are very thin, they scatter some
light due to their association into fiber bundles with a thickness
larger than 50 nm. NFC hydrogels (0.01-1 wt.%) do not absorb light
at UV and visible wavelengths (Fig. 5A). The high absorbance peak
seen close to 200 nm corresponds to light scattering (Fig. 5A). No
autofluorescence originate from the NFC (Fig. 5B). Thus though, opti-
cal detection of NFC hydrogel with light microscopy may be limited
due to light scattering. Lack of autofluorescence allows fluorescence

spectroscopy based imaging with low background unlike with other
biomaterial scaffolds [28].

3.5. Diffusion in nanofibrillar cellulose hydrogel

To model the nutrient supply to the cells within the 3D NFC
hydrogels, the permeability of FITC-dextrans (20-250 kDa) was inves-
tigated. Permeability studies showed transfer of the FITC-dextrans in
NEC hydrogels (Fig. 6A, B). Permeability coefficient of FITC-dextran
increased from 10~7 to 10~ % cm/s with decreasing mean molecular
weight of the permeating compound. Assuming hydrogel thickness of
3 mm and hydrogel/water partition coefficient (K) of 1.0 (i.e. no bind-
ing or exclusion of the FITC-dextrans from the hydrogel), the diffusion
coefficients (D) FITC-dextrans in NFC hydrogel range from 3x 108 to
10~7 cm?/s. These values are approximately equal with those of
proteins in the natural extracellular matrices suggesting adequate diffu-
sivity of nutrient, hormones and other essential compounds in NFC
hydrogel [29].

3.6. Biocompatibility characterization

HepaRG and HepG2 cell culture experiments on various concentra-
tions of the hydrogel assayed biocompatibility of the NFC. NFC hydrogel
was not cytotoxic for HepaRG and HepG2 cells at concentrations of
0.1-1 wt.% (Fig. 6E-H). This agrees with previously published re-
ports of fibrillated cellulose [16]. Cell viability in hydrogel culture did
not differ from the conventional cell cultures. Additionally, fluorescein
diacetate labeling showed that both cell types were viable and formed
3D spheroids within the hydrogel (Fig. 6G, H).

NFC embedded HepaRG and HepG2 cells exhibited non-exponential
growth based on the total protein assay, while classical exponential
growth was observed on the standard cell cultures (Fig. 6C, D). In
hydrogel, the amount of HepG2 cells doubled in eight days (Fig. 6D),
whereas HepaRG cells showed less proliferation (Fig. 6C). The slower
growth in NFC hydrogel is in agreement with previous findings with
hydrogel-encapsulated cells [30-34] and is related to mechanical
stimuli from the NFC hydrogel. It has been recognized that physical
parameters are important determinants of cell growth and phenotype
regulation [35].

3.7. Three-dimensional cell culture of HepG2 and HepaRG

Finally, we investigated the potential of native NFC hydrogel, with-
out additional bioactive ECM components, in supporting the cellular
differentiation of the human hepatic cell lines, HepG2 and HepaRG.
Both HepG2 and HepaRG formed 3D multicellular spheroids in NFC hy-
drogel, such a trend was also seen in hyaluronan-gelatin-polyethylene
glycol diacrylate hydrogel (Extracel™, EC), and in peptide nanofiber
hydrogels (HydroMatrix™, HM and PuraMatrix™, PM) (Fig. 7A, data
not shown). Previously HepG2 multicellular aggregate formation has
been demonstrated in poly(N-isopropylacrylamide) hydrogel [36], on
chitosan film [37] and in bioreactors [38]. HepaRG spheroid formation
has not been shown earlier.

The filamentous actin staining shows accumulation at the site of
apical membranes in HepaRG spheroids (Fig. 7B). Enhanced forma-
tion of F-actin between apical cells assert the in vivo-like polarity
and are known to be associated with bile canaliculus formation [39].
HepG2 spheroids however were not as clearly polarized even though
they were regular in shape (Fig. 7B). Both PM and NFC supported
cell spheroid formation (Fig. 7B). Differentiation state of the cell
spheroids was further studied using albumin secretion as biomarker
(Fig. 7C, D). The results suggest that the cells do secrete albumin in
the NFC hydrogel supported cultures. It is good to notice that all the
other cell cultures were in 3D, but Maxgel™ (MG) supports only 2D
cell culture, and was thus used as 2D reference for 3D cell cultures.
HepaRG progenitor cells increased the secretion during four weeks
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Fig. 6. Permeability and biocompatibility properties of NFC hydrogels. (A) Release of fluorescently labeled dextrans (FITC-dextrans) from 0.5 wt.% hydrogel. (B) Relationship
between molecular radius of FITC-dextrans and their permeability (P) in hydrogel. (C, E) HepaRG and (D, F) HepG2 cells were cultured at various concentrations of NFC hydrogel
(wt.%) and without hydrogel (0 wt.%). (C, D) The growth and (E, F) viability of the cells were analyzed. The viability of (E) HepaRG and (F) HepG2 cells were comparable between
NFC hydrogel and standard cultures. Viability was maintained during the whole culture time. Viability of 30 days HepaRG culture and 4 days HepG2 culture in the 0.7 wt.% hydrogel
was studied using fluorescein diacetate (FDA). After 10 min incubation, the viable (G) HepaRG and (H) HepG2 spheroids converted FDA into fluorescent fluorescein (green). The
scale bars are (G) 20 um, and (H) 50 pm.

of culture implicating the process of differentiation (Fig. 7C). Previ- environment [40,41], on fibronectin coated 3D micropatterns [42]
ously, HepaRG progenitor cells have been found to undergo morpho- and in bioreactor [43]. Differentiation was most evident in NFC and
logical and functional differentiation process on standard cell culture EC scaffolds where secretion increased 4-8 folds from the initiation
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Fig. 7. Morphology and albumin secretion of HepaRG and HepG2 cells in diverse hydrogel cultures. Cells formed spheroids in nanofibrillar cellulose (NFC) and in peptide nanofiber
(Puramatrix™, PM) hydrogel cultures, as evidenced by (A) phase contrast microscopy, and (B) confocal microscopy with structural staining of filamentous actin (red) and nuclei
(blue). (C) Albumin secretion of HepaRG evolved during the 25 days of culture (D) while secretion from HepG2 remained stable during the 4 days culture. HepaRG in NFC after
(A) 8 days and (B) 15 days, and in PM after (A) 6 days and (B) 30 days of culture. HepG2 in NFC after (A) 6 days and (B) 4 days, and in PM after (A) 5 days and (B) 7 days of culture.
The scale bars are (A) 50 um, and (B) 10 um. Maxgel™ (MG), Extracel™ (EC), Hydromatrix™ (HM), Puramatrix™ (PM), and nanofibrillar cellulose (NFC). (C) Error bars represent
mean + min-max values for n=2-4. (D) Error bars represent mean 4+ standard deviations for n=3.

of cultures. The levels of secreted albumin from HepG2 cells embedded
in NFC matched with the biomaterials that provide biochemical cues
(PM, HM, EC) (Fig. 7D). The results clearly show that a non-human
and non-animal derived single component NFC hydrogel is able to
support 3D growth and differentiation of liver cells.

4. Conclusions

Herein, we report plant-derived native nanofibrillar cellulose hy-
drogel as a cell culture scaffold. NFC hydrogel constructed 3D envi-
ronment for the cells and induced spheroid formation of HepaRG
and HepG2 cells. No cytotoxicity was observed and mitochondrial
activity was equal in standard 2D and nanofibrillar cellulose cultures.
The viscoelastic properties of plant derived NFC hydrogel scaffold
differ considerably from previously studied bacterial cellulose scaf-
folds. NFC was found to be injectable due to fluid-like behavior at
high stress due to reversible gelation and rheological characteristics
allowed mixing of cells into the gel. The spontaneously formed gel

state after injection provided the required mechanical support for
cell growth and differentiation. Beneficial properties of NFC are
based on its unique nanofibrillar structure mimicking properties of
the ECM.
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