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ABSTRACT: Materials for three-dimensional cultures aim to
reproduce the function of the extracellular matrix, enabling cell
adhesion and growth by remodeling the environment. However,
embryonic stem cells (ESCs) must develop in environments that
prevent adhesion and preserve their pluripotency. In this study, we
used cellulose nanofiber hydrogels to mimic the developing
conditions required for ESCs. These plant-based hydrogels are
simultaneously biocompatible and exogenous to mammalian cells,
preventing remodeling and attachment. The storage modulus of
these hydrogels could be fine-tuned by varying the degree of
oxidation to enable selective degradation. The ESCs proliferated in
the artificial environment, forming increasingly large embryoid
bodies for 15 days. Unlike traditional cultures in which ESCs begin
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differentiating upon the removal of the chemical inhibition, the expression of pluripotency markers in the ESC population remained
high for the entire two weeks. Cellulase from Trichoderma reesei was used to retrieve the ESC cultures selectively. The proposed
unique system is a prospective model with which to study the early development of embryonic cells, as well as a nonchemical

method of preserving undifferentiated populations of ESCs.

B INTRODUCTION

Three-dimensional (3D) cell culture systems emerged two
decades ago in an attempt to overcome the limitations of
traditional two-dimensional (2D) culture systems in terms of
reproducing physiological phenomena.”” Most 3D culture
systems aim to provide a controlled environment to mimic the
physiological conditions of a targeted tissue so that the cellular
behavior and resulting observations are as close as possible to
the in vivo counterpart. Mammalian cells natively develop in
3D microenvironments defined by the characteristics of the
extracellular matrix (ECM).”* The native ECM is composed of
macromolecules, such as fibrin, collagen, and laminin, which
form the backbone of the cells and provide them with
biochemical cues for propagation and further development.*®
In artificial systems, hydrogels, either derived from natural
sources or synthetically made, are the preferred materials with
which to mimic the ECM.”® These materials simultaneously
provide the water-based environment that is necessary to
support cellular metabolism and the mechanical properties
derived from the polymeric matrix,”'* and they are considered
suitable for 3D culturing if, in addition to surviving, the
behavior of the embedded cells is similar to that of the cells
found in the native ECM. The desired behavior includes the
characteristic elongation and migration of cells in environ-
ments susceptible to being metabolized and modified by
them."" This aim of developing 3D systems promoting cell
adhesion, which has motivated an extensive body of research
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over the last 20 years, stands in contrast with the needs of
embryonic stem cells (ESCs).

As visibly represented in oviparous animals, ESCs develop as
an independent system isolated from their surroundings; thus,
cell-to-cell interaction is the sole driver of their development."
To mimic embryonic development in vitro, ESCs are
aggregated in spheroids known as embryoid bodies (EBs),
which are cultured in nonadherent environments, such as 3D-
printed microaggregation devices,'> conical plastic Aggrewell
plates,"* bioreactors,"”® and hanging drops.'® However, the
volume constraints of fixed-sized plastic wells, the limited time
(i.e., three days) a drop of media can sustain an EB, and the
lack of control in the bioreactors clearly indicate the
insufficient development of tools for embryonic cultures in
comparison to mature (ie., differentiated) cells. However,
when these EBs are grown in hydrogels suitable for the
encapsulation of mature cells, either protein-based, such as
gelatin,17 or polysaccharides, such as chitosan,'® stem cells
rapidly lose their stemness and differentiate into various
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lineages. To prevent this spontaneous differentiation, stem cells
cultured in 2D or 3D systems are forced to remain pluripotent
by adding leukemia inhibitory factor (LIF) to the media,
inhibiting differentiation and maintaining self-renewal."’

Nanocellulose is rapidly gaining relevance as a biocompat-
ible material for tissue engineering and medical applications.
Cellulose nanofibers (CNF) are cellulose fibrils with diameters
of a few nanometers and lengths of several microns that are
extracted from the cell walls of plants and microorgan-
isms;”""*” independently of the source, this material has strong
intermolecular bonds that enable the formation of aqueous
hydrogels for cell encapsulation.”® The possibility of altering
the physical and chemical properties of CNF hydrogels while
preserving their biocompatibility has given rise to a handful of
studies that have used them to encapsulate mammalian cells**
or study their delivery.”

Here, we show how hydrogels based on cellulose nanofibers,
a material that is exogenous to mammalian cells, can sustain
the growth of ESCs for weeks, preserving their original
differentiation potential without using differentiation inhibitors
that hinder their natural development and enabling their
enzymatic extraction from the 3D encapsulation. An initial
batch of five CNF hydrogels with various degrees of oxidation
was synthesized and analyzed mechanically for enzymatic
degradation, as well as based on their ability to encapsulate and
preserve a population of ESCs. Based on those results, the
optimal degree of oxidation for the hydrogel was determined,
and the ability to preserve pluripotency was subsequently
studied. The results indicated that the pluripotency of the
encapsulated cell is largely retained after two weeks in culture
in the absence of LIF, in contrast with the findings from
traditional 2D and 3D cultures in which ESC differentiation
begins a few hours after chemical inhibition is removed. The
results obtained indicate the potential of CNF as customizable
hydrogels to maintain a population of ESCs dominated by
their cell—cell interactions without hampering their stemness
and while still preserving their viability in a physiological
environment.

B METHODS

Synthesis of Cellulose Hydrogel. Cellulose slurry (plant source-
derived cellulose nanofibers, 3 wt %) was obtained from Cellulose Lab
(Fredericton, NB, Canada). The nonoxidized form of cellulose slurry
was further optimized for various degrees of oxidation. Fifteen grams
of the cellulose slurry was weighed, which accounts to 450 mg of the
dry weight of cellulose. The slurry is dispersed finely in DI water (40
mL) followed by the addition of (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) (7.6 mg,0.2 mmol) and NaBr (46.1 mg, 2 mmol).
The entire setup is maintained in continuous stirring condition at
room temperature (RT). The NaOCI solution (5% w/v, 20 mmol)
was added dropwise, and the pH was maintained at 10.5 by adding 1
M NaOH solution until no more variation was observed. The five
different types of CNF hydrogels (CNF1—CNFS) were formulated by
altering the amount of the NaOCl added, ranging from low (CNF1)
to high oxidation (CNFS). Finally, the prepared oxidized hydrogels
were rinsed thoroughly with DI water until the pH reached 7.4. The
hydrogels are then homogenized using an ultrasonic probe
homogenizer (Fisherbrand S0S, Fisher Scientific, Pittsburgh, USA)
to 1% (w/v) concentration before using them for cell encapsulation.

Rheological Characterization. Rheological characterization was
performed on all the formulated cellulose hydrogels using a hybrid
theometer (HR-2 Discovery, TA instruments, Delaware, USA)
equipped with an environmental test chamber with a 20 mm diameter
testing plate. All hydrogel samples were tested before and after
incubation in culture medium for 24 h at 37 °C. Each sample was
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placed below the Peltier plate, and the shaft was lowered to maintain a
working distance of 1600 pm. The excess hydrogel was squeezed out
of the test plate and discarded. The tests were performed in triplicates,
and averages and standard deviations were calculated. The storage
modulus of the various cellulose hydrogel samples was measured at
2% strain, from 100 to 0.1 rad/s angular frequencies, and at 23 °C.

FTIR. Fourier transform infrared (FTIR) spectra of cellulose and
dried cellulose hydrogel with various different oxidation degrees were
obtained using an FTIR spectrometer (VERTEX 70 FTIR, Bruker
Optik GmbH, Germany) with a resolution of 4 cm™ and
accumulation of 1866 scans between 4000 and 400 cm™' on ATR
mode. To avoid resonance overlapping with hydroxyl groups, the
FTIR spectra of CNF were recorded in the acidic conditions used for
transforming carboxylate to the carboxylic functional group.

X-ray Diffraction. X-ray diffraction patterns of all the TEMPO-
oxidized cellulose nanofibers were obtained by using an XRD machine
(D8 Discover, Bruker Optik GmbH, Germany). Nickel-filtered Cu Kot
radiation (A = 0.15418 nm) operated at 40 mA and 40 kV, with a scan
speed of 3 min~’, and 26 ranging from 2 to 45°. The crystallinity
indices (CI) were calculated as the height ratio between the intensity
of the crystalline peak (Iyy, — I,,,) and total intensity (Iy,), where Iy,
is the maximum intensity of 002 lattice diffraction, and I, is the
intensity of the amorphous region at 26 = 18°:

CI = ((TIoy = Lm)/Iop2) X 100

Determination of the Carboxylate Content. The carboxylate
content of all the TEMPO-oxidized cellulose nanofibers was
determined by the electric conductivity titration method. A dried
sample of the cellulose (approximately S0 mg) was mixed with 0.01 M
HCl (15 mL) and DI water (20 mL). The mixture was stirred
thoroughly to achieve a well-dispersed suspension. The samples were
then titrated with a water solution of NaOH (0.5 M). The content of
carboxylate groups was calculated using the equation

C=((V, = V) X (Cyuon))/m

where V| and V are the volumes of NaOH added before and after
titration. Cy,op is the concentration of NaOH, and m is the weight of
the dried sample.

Zeta Potential Measurements. The zeta potential of 0.01% (w/
v) of the TEMPO-oxidized cellulose nanofibers was determined using
a zeta potential analyzer (Nanobrook Omni, Brookhaven Instruments,
Holtsville, USA) at 25 °C. Each measurement was performed three
times to calculate the average and the standard deviation.

Scanning Electron Microscopy. The formulated oxidized
cellulose hydrogels along with the non-oxidized pure cellulose from
the two different sources (i.e., commercial and coffee filter paper)
were prepared using critical point drying using an increasing
concentration of ethanol solutions for SEM analysis. The dehydrated
samples were then gold-coated and analyzed using SEM (JSM-7600F,
JEOL Ltd,, Tokyo, Japan) at 10 kV.

Cellulose Degradation Assay. For the assessment of degrada-
tion, the cell-laden hydrogels were placed in a bath of cellulase
enzyme from Trichoderma reesei (Sigma-Aldrich, Missouri, USA) in
rocking conditions. The enzyme was diluted (150 yg/mg) in the same
media used to support the encapsulated cells and was added to the 0.5
g of cellulose hydrogel placed on the bottom of a 24-well plate.
Incubation was carried out at 37 °C, 5% CO,. Every 5 h, the enzyme
solution with the degraded cellulose was removed, the remaining solid
mass of gel was weighted, and the fresh enzyme solution was added.
The data of time-based degradation of the cellulose hydrogels was
presented in a percentage degradation curve. The study was carried
out in triplicates (Supplementary Figure S1).

Cell Culture. Before their encapsulation, embryonic stem cells R1/
E (ATCC, Virginia, USA) were prepared in conditioning media
composed by DMEM (Nacalai Tesque, Japan), 1% sodium pyruvate
(Thermo Fisher Scientificc USA), 15% FBS (Gibco, USA), 1X
nonessential amino acids (Thermo Fisher Scientific, Waltham, USA),
1% L-glutamax (Thermo Fisher Scientific, Waltham, USA), 0.1 mM
2-8 mercaptoethanol (Thermo Fisher Scientific, Waltham, USA), and

https://dx.doi.org/10.1021/acs.biomac.0c01030
Biomacromolecules 2020, 21, 4814—4822


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01030/suppl_file/bm0c01030_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c01030?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

1000 U/mL leukemia inhibitory factor (LIF) (Life Technologies,
Carlsbad, USA). The cells were cultured on a gelatin-coated Petri
plate (0.1%) (Sigma-Aldrich, St. Louis, USA) until confluency. The
entire cell culture was performed at 37 °C and 5% CO,. The culture
media was renewed every alternate day. The cells were retrieved for
experimentation by dissociating them using 0.25% trypsin—EDTA
(Nacalai Tesque, Kyoto, Japan) and counted. The cell line was used
in passage 18.

EB Construction and Encapsulation. The trypsinized cells were
forced into embryoid bodies by the hanging drop method. Droplets of
20 pl of media with about 1000 cells per droplet were seeded on the
lid of the Petri dish and left undisturbed for two days. The resulting
cell aggregates were then injected into the cellulose hydrogel, avoiding
the formation of air gaps. Hanging drops and the culture of the cell-
laden hydrogels were performed using growth medium with a similar
composition to the one used for cell culturing the ESCs but without
LIF: DMEM, 1% sodium pyruvate, 15% FBS, 1X nonessential amino
acids, 1% L-glutamax, and 0.1 mM 2-8 mercaptoethanol. The cell-
laden hydrogels were maintained at 37 °C, 5% CO, and performed in
triplicates with media replacements every 48 h. On days 3, 7, 11, and
15, the cell aggregates were extracted from the encapsulation using the
cellulose degradation described above.

3D Encapsulation in Alginate Hydrogel. The trypsin-treated
R1/E cells were used to form embryoid bodies by the hanging drop
culture method. Each drop contained 1000 cells, which was incubated
for two days. Post two days of incubation, the EBs were harvested and
gently added to 3% sodium alginate solution. The EBs containing
sodium alginate solution was gradually mixed and added to 0.5%
CaCl, solution for gelation to occur. The EB—alginate solution was
left undisturbed for S min. After the cross-linking process, all the
CaCl, solution was drained out and replaced by cell culture medium.
On day 7 and day 15, the cells were harvested from the 3D
encapsulation to carry out cell sorting experiments. The alginate
capsules with embedded EBs were treated with 10 mM EDTA
solution for S min followed by centrifugation at 1000X g for 3 min to
extract the EBs. These harvested EBs were then treated for flow
cytometry analysis. We followed the previously reported protocol.*®

Optical Imaging and Cell Viability. The LIVE/DEAD viability/
cytotoxicity assay kit (Invitrogen, Carlsbad, USA) was added to the
cells both in 3D culture and upon extraction onto 2D cell culture
plates. The incubation was carried out for 30 min (for cells embedded
in hydrogel) and 15 min (for cells postextraction) in the dark at 37
°C. The viability was indicated as green for live cells and red for dead
cells and measured using an inverted microscope (AxioObserver Z1,
Carl Zeiss, Germany). The experiments were performed in triplicates.
Circularity was measured as radii dispersion by the minimum zone
circle method.

For 3D imaging, the encapsulated cells were excited at 488/543
nm, and images were captured in the form of z-stack at an interval of
20 pm using a confocal laser scanning microscope (LSM-710, Carl
Zeiss, Germany).

Immunohistology. The extracted EBs were stained for both
pluripotency and cardiac differentiation. Post extraction at different
time points the transferred EBs on the Petri dish were fixed with 4%
paraformaldehyde for 15 min followed by permeabilization with 0.1%
Triton X-100 (Nacalai Tesque, Kyoto, Japan). Blocking was carried
with 5% BSA for 60 min at room temperature. Then, the blocked cells
were incubated overnight at 4 °C with anti (OCT-4) and alpha
sarcomeric actinin (1:200) (Life Technologies, Carlsbad, USA). The
following day, the cells were incubated with secondary antibody
conjugated with Alexa Fluor 546 (1:500) and Alexa Fluor 488
(1:500) (Life Technologies, Carlsbad, USA) for 60 min at room
temperature. In the last step DAPI (4',6-diamidino-2-phenylindole-
2HCI) (1:1000) (Life Technologies, Carlsbad, USA) was added and
maintained for 2 min. The cells were then imaged. All the steps
described above were followed by a step consisting in three washes of
1X PBS for 5 min each. Imaging was performed using an inverted
fluorescence microscope (AxioObserver Z1, Carl Zeiss, Germany).
Fluorescence was quantified by calculating the ratio between the
number of bright pixels from immunostaining and DAPI signals, as
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described previously.”” A normalization between correlated images
was performed using the background signals calculated on the void
areas of the images. Due to the large datasets and to ensure the quality
of the data, the tails of the distribution were removed by discarding
the pixels with brightness more than one at one sigma of the mean
brightness (i.e., remaining approximately 68% of the dataset).

Flow Cytometry. The pluripotency in different encapsulations
after one week and 15 days was quantified by flow cytometry. Cells
were cultured in the presence of LIF in 2D culture and not in the
presence of LIF during EB formation stage and 3D culture
(nonadherent CNF-2 and adherent alginate). Following the
extractions and trypsinizations described above, cells were washed
with 1X PBS, followed by fixation with 4% paraformaldehyde in
rocking conditions for 10 min at room temperature. After incubation,
the cell pellet was subsequently washed with 1X PBS and
permeabilized with 0.1% Triton X-100. Following permeabilization,
the cells were incubated with primary antibodies for 45 min, washed
twice with 1X PBS, and finally incubated with a secondary antibody
for another 45 min. For flow analysis, cells were washed for two times
with PBS and resuspended in 1X PBS. The primary antibody used was
anti-OCT-4 (1:200) (Life Technologies, Carlsbad, USA), and the
secondary antibody used was Alexa Fluor 488 (1:500) (Life
Technologies, Carlsbad, USA). The analysis was performed using a
flow cytometer (MACSQuant Analyzer, Miltenyi Biotec, Bergisch
Gladbach, Germany).

Statistical Analysis. All results were presented as the mean =+
standard deviation. Statistical analysis was performed using a student’s
t-test or ANOVA in Microsoft Excel. Statistical significance was
defined as *p < 0.05, **p < 0.01, and ***p < 0.001. Three
independent trials were carried out unless otherwise stated.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Hydrogels. The
cellulose hydrogels were formulated by performing a TEMPO
free radical oxidation reaction, as shown in Figure la. The free
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Figure 1. Characterization of all five CNF hydrogel systems. (a)
Reaction mechanism that formulates the cellulose hydrogel through
TEMPO-mediated surface reaction. (b) Enzymatic degradation of
CNF2 (similar to CNF1) throughout 24 h and expressed as weight
percentage loss. (c) Scanning electron microscopy of unoxidized and
oxidized CNF from commercial sources. CNF1 being the least
oxidized and CNFS being the most TEMPO-oxidized hydrogel.

hydroxyl groups, which were made sterically available using a
probe sonicator, were substituted by the carboxyl groups,
resulting in a (1% w/v) transparent hydrogel from the
commercial stock of cellulose slurry (3% w/v). Five types of
hydrogels with an increasing degree of oxidation (CNF1-—
CNFS) were produced (Supplementary Figure S1). In addition

https://dx.doi.org/10.1021/acs.biomac.0c01030
Biomacromolecules 2020, 21, 4814—4822


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01030/suppl_file/bm0c01030_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01030?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c01030?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

to the correlation between oxidation degree and mechanical
characteristics, we observed that the cellulosic hydrogels cross-
linked with the glucose in the cell culture media, resulting in
increased stiffness and resistance to enzymatic degradation
(Figure 1b and Supplementary Figure S1). Therefore, the
initial range of oxidations suitable for cell encapsulation was
determined based on the characteristics of the CNF hydrogels
postincubation in the cell culture media. The suitability of the
hydrogels for degradation by cellulase seemed to be based on a
threshold rather than continuous. The original five hydrogel
types were divided between those that degraded and did so at
similar rates (CNF1 and CNF2, Figure 1b) and those showing
no degradation at all (CNF3—CNFS).

Two sources of plant cellulose fibers were initially tested for
oxidation, the usual coffee filter cellulose and a standard
commercial cellulose. While the morphological characteristics
of the cellulose fibers obtained from the two sources were
different in their native forms, those differences became
negligible in their oxidized forms. The cellulose derived from
coffee filters consisted of fibers 70—100 ym in diameter; which
decreased from the range of 1 um to a few nanometers
postoxidation (Supplementary Figure S2). This observation
agrees with the finding reported in the literature.”” The
diameter of the fibers in the commercial cellulose ranged from
100 to 1 pm in its native form, with no observable diameter
changes after oxidation or between degrees of oxidation. This
lack of correlation between the carboxylic content and fiber
diameter has been reported 2previously in TEMPO-mediated
oxidations of plant fibers.” Due to the morphological
similitudes of the products from different sources and to
ensure standardization, commercial cellulose was used for the
remainder of the study.

The surface charge of the nanofibers was characterized as the
zeta potential of the hydrogels.”” As shown in Figure 2a, when
the carboxylate content is 1.5 mmol/g, the zeta potential value
recorded was —4.8 mV, but as the presence of the carboxylate
group increases beyond 4 mmol/g, the value of the zeta
potential becomes more negative (—13.86 mV). This measure-
ment is indicative of the improved dispersion and stability of
the more highly oxidized hydrogel in water. Interestingly, in
tissue engineering, the negative values of the surface charge are
associated with poor cell adhesion,” which could explain the
nonadhesive nature of CNF hydrogels and the round
morphology of the encapsulated cells.”> The successful
substitution of hydroxyl groups in the cellulose parent chain
by carboxylic groups was monitored using Fourier transform
infrared spectroscopy (FTIR) through the appearance of a
peak at 1600 cm™', corresponding to the carbonyl stretchin
mode (Figure 2b). In agreement with previous observations®
and despite the successful oxidation of the cellulose, no
significant differences were observed on the crystallinity of
different samples (Figure 2c), with all of them showing the
characteristic cellulose I diffraction pattern with similar peaks
at 15 (101) and 22° (002).”” In contrast, the rheological
characteristics of the hydrogels showed a strong correlation
with the degree of oxidation (Figure 2d). The storage modulus
of the minimally oxidized CNF1 was only slightly different
from that of the raw material, while the mechanical strength33
of the remainder of the samples was strongly influenced by
oxidation degree. A more significant stiffening—and homog-
enization between samples—was observed when the hydrogels
were exposed to the high glucose content of the cell culture
media (Figure 2e). This phenomenon has been suggested to
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Figure 2. Characterization of CNF hydrogels. (a) Zeta potential
values of all the five hydrogel systems with varying carboxylate
content. (b) FTIR spectra of cellulose and CNF hydrogel. (c) X-ray
diffractograms of CNF1—CNFS. (d) Storage modulus measurement
for all the hydrogel types without the presence of cell culture medium.
(e) Storage modulus measurement of all hydrogel types in the
presence of cell culture medium.

result from a physical cross-linking of the cellulose hydrogel in
the presence of cell culture medium.**

Formation of 3D Spheroids of mESCs in CNF
Hydrogels. The five CNF hydrogels were injected with EBs
produced using the hanging drop culture method.'® The CNF
concentration (i.e., polymer to media) was fixed at 1% for all
degrees of oxidation. Overall, similar growth was observed in
all the cell populations and CNF hydrogel formulations. The
biocompatibility of the 1% CNF hydrogels for mammalian cells
has been studied previously;®> however, our observations
contradict the conclusion that 1% cellulose hydrogel is unable
to host ESCs, and 0.5% is the optimal CNF concentration.
This discrepancy is probably due to the different degrees of
oxidation used and the influence of culture media in the
properties of the CNF hydrogels, a phenomenon that was not
considered in previous studies. During our biological experi-
ments, we realized that while CNF hydrogels (0.1—1%) do not
absorb light in the visible and ultraviolet (UV) range, they
scatter incident light, thereby restricting brightfield observa-
tions. This limitation for white light microscopy can be easily
circumvented using fluorescent microsco!‘)y. Interestingly, the
low autofluorescence of CNF hydrogels”* compared to other
biopolymers used for cell encapsulation, e.g., fibronectin,
collagen, or gelatin,®® makes these hydrogels particularly
suitable for the technique.

Over a period of two weeks, cell viability was indirectly
observed via the continuous growth of EBs (Figure 3a and
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Figure 3. 3D cell encapsulation and characterization. (a) Embryoid body encapsulation in five hydrogel types and the enhancement in proliferation
witnessed with an increase in incubation period (scale: 100 #m). (b) Statistically relevant increase in the diameter of the EBs over time. For each
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Supplementary Figure S3) and directly confirmed via cell
staining. Overall, EB growth was observed in all five of the
CNF hydrogels (Figure 3b). On day 3, the average EB
diameters were 262.89 + 13.3, 528.62 + 64.3, 560.18 + 26,
349.82 + 14.2, and 262.63 + 20.5 um for CNF1—-CNFS,
respectively. Two weeks later, the diameters of the EBs had
increased to 544.77 + 41, 780.46 + 72.11, 743.25 + 70.5,
437.61 £ 37.77, and 553.58 + 42.34 ym in the CNF1-CNF5
hydrogels, respectively (Supplementary Table S1). The inverse
correlation between the degree of oxidation of the surrounding
environment and the diameter of the EBs resulted from a
higher packing density instead of slower growth (Supple-
mentary Figures S4 and S5). As mentioned above, we believe
this effect results from the increasingly negative surface charge
of the environment (Figure 2a) rather than from the small
differences in the mechanical characteristics after incubation
(Figure 2e). At high degrees of oxidation, (i.e, CNF4 and
CNFS) an enhanced roundness of the EBs was observed
(Figure 3c, Supplementary Table S2), a property strongly
linked to the survival of a developing embryo, because it is
indicative of better cell compactness, improved conditions for
proliferation, and a property linked to pluripotency.’”** These
results are indicative of the better suitability of CNF4 and
CNES to encapsulate EBs. However, their inability to be
degraded enzymatically disqualifies them and CNF2 as viable
platforms enabling the retrieval of the encapsulated population.

Viability of 3D Spheroids in the CNF Hydrogels and
Enzymatic Removal of the EBs. To simulate the early
development of an embryo, we encapsulated whole EBs rather
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than dissociated stem cells’” into the system. This approach
can be better correlated to an in vivo environment in which cell
differentiation occurs in a highly organized fashion with a
predetermined number of closely related cells.*” Also, EBs
selected to have similar cell number and diameter were
injected in the five CNF hydrogels (Figure 4a), where they
remained viable for the 15 days of the experiment
(Supplementary Figures S7—S10). As a nonadhesive environ-
ment for mammalian cells, cellulose hydrogels promote EBs
expanding their ECM"' by enhancing the cadherin-mediated
cell—cell interaction instead of cell-matrix interactions.*”**
With the positive results from the cell viability/biocompati-
bility study, we moved forward to characterize the viable
extraction of the EBs via the cellulase-catalyzed decomposition
of those hydrogels that were susceptible to it (i.e, CNF1 and
CNE2).

Cellulase derived from Trichoderma reesei was used to
degrade the hydrogels and to extract the EBs on 2D platforms.
Our preliminary results showed that a high degree of TEMPO
oxidation (i.e, CNF3—CNFS5) prevents the enzymatic
degradation of the hydrogels at any feasible concentration.
However, both CNF1 and CNF2 remained close enough to
the native cellulose to be enzymatically degraded (Figure 4b).
The specificity of the cellulase from Trichoderma reesei prevents
its action on endogenous polysaccharides of the mammalian
cell wall and ECM,"* resulting in very selective degradation
of the hydrogel matrix and the release of intact EBs. It has been
reported previously that an enzymatic concentration of less
than 300 pg/mg had a negligible effect on mammalian stem
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Figure 4. EB viability in 3D encapsulation and enzymatic treatment of
cellulose hydrogel. (a) Confocal microscopy performed to study EB
viability over the entire culture period of two weeks. EBs were
encapsulated in CNF 1-5, and viability was checked at regular
intervals. No dead cells were evidenced. Green indicates live cells
stained by Calcein AM, and red represents dead cells stained by
ethidium homodimer II (scale: 100 ym) (Supplementary Figure S6).
Confocal 3D stack images are in the supplementary data
(Supplementary Figures S7—S10). (b) Encapsulated EB released
from CNF1 and CNF2 at regular intervals via the activity of cellulase
(scale:100 pm). (c) Viability of the EBs after extraction from
hydrogels susceptible to enzymatic degradation (CNF1 and CNF2).
Hydrogels were degraded at regular intervals and stained with Calcein
AM (green) and ethidium homodimer II (red). Some cell death is
present on day 3, but cell death is absent later (scale :100 ym).

cells.”® This extremum was not explored in our experiments,
because an enzymatic concentration as low as 150 pg/mg
successfully degraded CNF1 and CNF2. The now-free EBs
were placed in culture plates to measure the extent of the
damage due to the enzymatic extraction. The recovered EBs
were treated with live/dead stain to confirm their viability.
Interestingly, those EBs that were extracted from the CNF
hydrogels during the first week (i.e, days 3 and 7) showed
some degree of cell damage; however, no signs of impairment
were observed at the later stages (i.e., days 11 and 15, Figure
4c, Supplementary Figure S6). This improved resistance to
damage is probably because older EBs are more cohesive due
to enhanced cell—cell cross-linking; therefore, they are better
suited to withstand manipulation.

Pluripotency of mESCs Extracted from CNF Hydro-
gels. To determine the pluripotency of the mESCs in the
formulated CNF hydrogels, we analyzed the octamer-binding
transcription factor 4 (OCT-4) expressed by the stem cells.
Remarkably, after one week of incubation in the hydrogels, the
EBs remained fully pluripotent without significant variation in
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the OCT-4 expressed, as indicated by the fluorescence signal
(Figure Sa,b). A drop in OCT-4 expression to about 55% of
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Figure 5. EB pluripotency after extraction. (a) Extracted EBs were
also studied for pluripotency by staining them with an OCT-4 surface
marker. Even after two weeks of incubation, the cells maintained their
stemness. Green depicts OCT-4, and blue represents the nucleus
(scale: 100 pm). (b) Pattern of expression for the OCT-4 surface
protein marker in the encapsulated EBs over 15 days was measured as
relative fluorescence intensity. (c) Flow cytometry analysis of the
percentage of pluripotent cells in the encapsulated EBs on days 7 and
15, along with the values for a population maintained with LIF; EBs
after recovery from a hanging drop; and an LIF-denied 2D control are
represented (flow cytometry plots shown in Supplementary Figure
S11). A 3D control experiment with an alginate hydrogel system is
also represented (Supplementary Figure S12).

the initial value was observed a week postencapsulation;
however, this level remained constant afterward. This result is
noteworthy, because the EBs were cultured without using
differentiation inhibitors (i.e., LIF). In these conditions, cells in
traditional 3D and 2D cultures begin differentiating a few
hours after implantation,” a process that is observable via a
decrease in OCT-4 expression to about 10% by day 5 and
negligible levels by day 7.*” In contrast, the behavior and rate
of differentiation in CNF hydrogels closely resembles that in
mammalian embryos in which OCT-4 is downregulated only
after day 8 of gestation during gastrulation but maintained later
by its continuous expression in the primordial germ cells.** In
CNF hydrogels, the downregulation of OCT-4 is observed
between days 7 and 11 (Figure Sb), and similar to its
expression pattern in early embryonic development, OCT-4 is
maintained by half of the cells until at least 15 days in culture.

The OCT-4 expression in the stem cell population
encapsulated in the optimal CNF hydrogels (i.e, CNF2) was
independently measured using flow cytometry. These data
were also compared to the expression of a similar mESC
population growing in 2D cultures (i.e., tissue culture plate)
and adhesive 3D cultures (i.e., alginate hydrogel). The result of
the flow cytometry at days 7 and 15 (Figure Sc and
Supplementary Figure S11) confirmed the aforementioned
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data based on fluorescence intensity, as well as previously
reported observations in different platforms.

In the CNF platform proposed here, 69% of the LIF-denied
cell population expressed measurable levels of OCT-4 after a
week in culture, a value comparable to the original population.
This value dropped to 31% of the population by day 15. This
result is in stark contrast with the similar experiment
performed in 2D tissue culture plates, where only 10 and 7%
of the cells expressed measurable values of OCT-4 after one
and two weeks in culture, respectively. Enhancing the cell—cell
interaction by transitioning to an adherent 3D hydrogel
improves those values. However, they remain one-third of
those for the—also 3D but nonadherent—CNF hydrogel, with
20 and 10% of the cells expressing OCT-4 after one and two
weeks in culture, respectively (Supplementary Figure S12).

Our observations are consistent with the established
assumption that cell—cell interactions are the primary source
of signaling in the in vivo development of an organism™”** and
that therefore, they must define the paradigm of in vitro
systems for embryonic development. This assumption is
evident in the “natural” behavior shown in the in vitro system
proposed in our study, resulting from a cohesive embryonic
population prevented from establishing interactions other than
those with adjacent cells. In these conditions, the EBs preserve
their geometry and natural development; moreover, like in
vivo, pluripotency is maintained by self-regulation, without
external chemical stimulation.

B CONCLUSIONS

The holistic approach presented in this paper creates many
opportunities to develop controlled environments and in vitro
platforms, such as uterus-on-a-chip for the culturing and
retrieval of embryonic populations at early stages of develop-
ment. Diverging from the general biomedical approach of
developing environments that are similar to the native ECM,
we used a cellulose-based hydrogel system to provide a
cohesive embryonic population with an isolated environment,
one capable of supporting cell metabolism while protecting the
cells from exogenous influences. Moreover, the hydrogel
system can be modulated by changing the degree of oxidation
to suit downstream applications. The proposed system, unique
in its category, enables full control and observation of a cell
population. Interestingly, in those conditions, we observed that
recently formed EBs retain their pluripotency in a way that
closely mimics the behavior found in vivo.
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