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ABSTRACT: Highly carboxylated nanocellulose fibers can be functionalized with cell adhesive peptides and cationic cross-linked to
form matrices for a three-dimensional (3D) cell culture. It is hypothesized that nanocellulose hydrogels cross-linked with divalent
cations can provide the required biochemical and mechanical properties for intestinal organoid growth and recovery. Nanocellulose
hydrogels are produced by TEMPO- and TEMPO-periodate-mediated oxidation and functionalized with RGD peptides. Mechanical
properties are measured by rheology and optical properties quantified by UV−vis spectroscopy. Cellulosic matrices are cross-linked
with Ca2+ and Mg2+ and intestinal organoids cultured for 4 days. The organoids are recovered for passaging and RNA extraction.
TEMPO-periodate-oxidized nanocellulose fibers form functionalized hydrogels and support the growth of intestinal organoids. The
highly transparent cellulosic matrix requires 4 times more Mg2+ than Ca2+ ions to reach the targeted stiffness. Organoids cultured in
nanocellulose maintained a major living area for up to 4 days. Cell clusters recovered from magnesium-cross-linked hydrogels can be
passaged, and their extracted RNA is intact. Cationic cross-linked nanocellulose hydrogels are promising alternative plant-based
matrices for a 3D cell culture systems.

■ INTRODUCTION

Hydrogels are porous three-dimensional structures that hold
large amounts of water while presenting some mechanical
integrity.1,2 This class of soft materials rely on a physically or
chemically cross-linked network of fibers and can be responsive
to changes in temperature, pH, and radiation.3−5 Apart from
synthetic polymers, many natural biopolymers have been
explored for the synthesis of hydrogels, highlighting the
potential of cellulose, alginate, and chitosan.6−8 From those,
cellulose is the most abundant carbohydrate polymer on Earth,
present in bacteria and plants. Depending on its source,
cellulose bundles can be isolated into nanofibers 2−60 nm in
diameter and several micrometers in length.9,10 The 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation
has been commonly used to convert the primary alcohol
groups (C2) of cellulose chains into negatively charged
carboxylate groups.11 Recently, Mendoza et al. introduced a
one-shot TEMPO-periodate oxidation method able to achieve
a higher degree of substitution by targeting the C2, C3, and C6
positions in the cellulose molecule.12 Both TEMPO- and
TEMPO-periodate-oxidized nanocellulose (TON and TPON,
respectively) can be mechanically defibrillated by high-pressure

homogenization to form hydrogels.13,14 The colloidal stability
of these hydrogels relies on an entangled network of
nanofibers, which can be further modified by covalent or
ionic cross-linking. Additives, such as amino acids and sugars,
can also be dissolved in these hydrogels for designing their
biochemical properties to achieve specific levels of osmolality
and ionic strength.15 Because of its great tunability, allied to its
biocompatibility, plant-based nanocellulose hydrogels are ideal
candidates for biomedical applications.10 Indeed, literature
reports such use of cellulosic hydrogels in a three-dimensional
(3D) cell culture, tissue engineering, drug delivery, and wound
dressing.16−19

Three-dimensional (3D) cell culture systems are robust
biological models that mimic the behavior and properties of
human tissues and organs by combining cells to biomaterials
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and a range of growth factors.20−22 The cluster of cells cultured
within these controlled microenvironments are named organo-
ids or spheroids; these are commonly applied to drug testing
and design as well as disease modeling.23−25 Despite the use of
scaffold-free methods, the growth of organoids and spheroids
commonly relies on a poorly defined tumor-derived matrix
extracted from the Engelbreth−Holm−Swarm (EHS) mouse
sarcoma.26 Commercially know as Matrigel, this animal-based
matrix presents a high variability between batches and a
consistency as low as 50%.27 The limited tunability of Matrigel
and its restricted range of stiffness as well as high cost
represent critical limitations for in vitro assays in medical
research.26,28 These limitations have hindered the translation
of organoids into clinics as well as limited the reproducibility of
experimental assays. Therefore, fully defined matrices that
match the mechanical, chemical, and biological properties of
Matrigel and its counterparts are urgently needed. Over the
past years, a plethora of synthetic and natural hydrogels have
emerged as potential alternatives to grow a variety of organoids
and spheroids.6,29−33 Cellulose-based hydrogels have been
mostly explored as a mechanical scaffold for these cultures, but
with no biochemical modifications to achieve optimum cell−
surface interaction. Indeed, neat cellulose gels were previously
reported for the culture of tumor liver spheroids as well as for
the differentiation of liver organoids.16,34 Recently, function-
alized nanocellulose hydrogels were introduced for the growth
of intestinal organoids. However, the stiffness of these gels was
proportional to their solids content, and the effect of multiple
cross-linkers and their concentration were not assessed.35 Last,
the recovery of spheroids and organoids grown in cellulosic
matrices, even for short-term passaging, has not been deeply
investigated.
Here, we investigate cationic cross-linking to control the

mechanical properties of nanocellulose hydrogels for the
growth and recovery of intestinal organoids. We raise the
hypothesis that highly carboxylated cellulosic nanofibers can
form a functionalized matrix presenting the ideal biochemical
and physical properties for organoid growth. TON and TPON
fibers are grafted with fibronectin-derived peptides, and the
effects on the hydrogel as well as on the development of
organoids are assessed. The mechanical properties of TPON
hydrogels cross-linked with Ca2+ and Mg2+ are characterized
from a rheological perspective. Organoids are cultured in these
cellulosic matrices for 4 days and recovered for passaging and
RNA extraction. This study demonstrates the feasibility of
cationic cross-linked nanocellulose-based hydrogels as a
sustainable and promising material for 3D cell culture systems.

■ MATERIALS AND METHODS
Materials. Never-dried Bleached Eucalyptus Kraft (BEK) pulp was

kindly supplied by Australian Paper, Maryvale, Australia. Sodium
bromide (NaBr, 71329), sodium periodate (NaIO4, 311448), 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 214000), sodium hydroxide
(NaOH, S8045), sodium chloride (NaClO, 425044), 2-(N-
morpholino)ethanesulfonic acid (MES, M0164), glycine (50046), 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC, E6383), N-
hydroxysuccinimide (NHS, 130672), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, H7523) propidium iodade
(PI, P4170), and calcein-AM (C1359) were purchased from Sigma-
Aldrich. Growth Factor Reduced (GFR) Matrigel (356231) was
purchased from Corning. Sodium chloride (NaCl, 1064040500) was
purchased from Merk. GRGDSPC (RGD) peptides were synthesized
by and purchased from GenScript. Gibco Dulbecco’s Modified Eagle
Medium Nutrient Mixture F-12 (DMEM/F12, 11320033), Glutamax

(35050061), N2 (17502001), B27 (0080085SA), HEPES
(15630080), and penicillin−streptomycin (Pen-Strep, 15140122)
were purchased from Thermo Fisher Scientific. Recombinant Murine
EGF (315-09) was purchased from Peprotech, RLT buffer (79216)
and RNeasy Micro Ki were purchased from QIAGEN, and GelRed
nucleic acid gel stain was purchased from Biotium.

Synthesis of Nanocellulose Hydrogels. Nanocellulose hydro-
gels were synthesized by TEMPO- and TEMPO-periodate-mediated
oxidation according to Saito et al. and Mendoza et al.11−13 Briefly, a
mass of 10 g of never-dried Bleached Eucalyptus Kraft (BEK)
(Australian Paper, Maryvale, Australia) pulp was disintegrated and
suspended in 1200 mL of distilled water containing proportional
amounts of TEMPO, NaBr, and NaIO4. To avoid photoinduced
decomposition, the reaction beaker was covered with aluminum foil.
The oxidation was initiated by the dropwise addition of 12% w/v
NaClO, pH 10.5, at a ratio of 8 mmol NaClO/g fibers. The pH was
maintained at 10.5 by the addition of 0.5 M NaOH. The reaction was
interrupted after 4 h by adding 10 mL of ethanol. The oxidized fibers
were recovered and washed several times with distilled water through
a vacuum filtration and stored refrigerated (4 °C). The conductivity
of the oxidized samples was monitored throughout the titration
progress, and the carboxyl group content (mmol COO−Na+/g fiber)
was quantified as

c V V
w

CC
( )2 1=

−
(1)

where V1 and V2 are the amount of titrant (start and end of
conductivity titration curve) required to neutralize the carboxylic
groups (in mL), c is the NaOH concentration (mol/L), and w is the
sample weight (g). The oxidized pulp was disintegrated in deionized
water (0.1 and 0.3 wt % solids content) and passed twice through a
high-pressure homogenizer (GEA Niro Soavi Homogenizer Panda) at
1000 bar to form hydrogels by mechanical fibrillation.

Nanocellulose Hydrogels Functionalization. TEMPO-period-
ate-oxidized nanocellulose fibers were grafted with RGD peptides by
EDC/NHS coupling. EDC and NHS were dissolved in a MES buffer
containing NaCl 0.9% at pH 6. EDC and NHS were mixed to the
hydrogel in a molar ratio 1:1.5:1 to the existing carboxylate group
concentration and stirred 15 min at room temperature. A volume of
RGD peptides was added to the hydrogel at the final concentration of
2 mM and stirred for 2 h at room temperature. The pH of the grafted
NC hydrogel was adjusted to 7 by adding NaOH (1 M) as measured
by pH strips. Glycine (250 mM) and HEPES (25 mM) were
dissolved in the hydrogel, and a volume of 100 μL was used to
quantify the hydrogel osmolality in a K-7400S osmometer (Knauer).
Hydrogels were sterilized under ultraviolet radiation exposure at a
dose of 250 nm for 20 min within a Safemate ECO Class 2 Biological
Safety Cabinet before in culture.

Rheology. Matrigel and nanocellulose hydrogels were charac-
terized by rheology using an Anton Paar MCR302 rheometer with a
parallel plate (PP25, ϕ = 25 mm). The viscosity and oscillatory strain
sweep measurements were performed, and a solvent trap was used to
ensure temperature stability. The viscosity was measured at shear
rates of 0.5−100 s−1. The oscillatory strain sweep was measured
between 0.01 and 100% strain at constant 1 Hz frequency; this assay
also measured the shear stress vs shear strain. For each replicate, a
volume of 1 mL of nanocellulose hydrogels was cross-linked with 100
μL of CaCl2 or MgCl2 (50−200 mM) and incubated at room
temperature for 5 min. Similarly, 1 mL of Matrigel was incubated at
37 °C and 5% CO2 for 15 min. Samples were covered with organoid
culture media and incubated at 37 °C for 3 h. After incubation, the
culture media was removed and the hydrogels or Matrigel transferred
to the rheometer surface for measurements. All measurements were
performed in triplicates to ensure reproducibility.

UV−Vis Spectroscopy. A volume of 1 mL of functionalized
hydrogels (RGD-TON and RGD-TPON) and Matrigel was added to
plastic cuvettes. Matrigel was incubated at 37 °C for 15 min for
polymerization. Air bubbles were removed by centrifugation at 4000
rpm for 5 min. The transmittance spectra between 300 and 100 nm
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were measured by UV−vis spectrometry (Cary 60 UV−vis, Agilent
Technologies).
Cross-Linking Density. The cross-linking density was calculated

according to Flory−Rehner theory36 as

n
G
RT

= ′
(2)

where G′ (Pa) is the storage modulus, R is the gas constant (8.314 J
mol−1 K−1), and T is the temperature (298 K).
Intestinal Organoids Establishment. All animal procedures

were approved by the Monash Animal Ethics Research Platform
ethics committee in strict accordance with good animal practice as
defined by the National Health and Medical Research Council
(Australia) Code of Practice for the Care and Use of Animals for
Experimental Purposes. Briefly, mice (Mus musculus) were culled by
cervical dislocation. The small intestine tube was dissected and
flushed with PBS to remove faeces. Small intestinal tissues were
opened longitudinally and scraped with a glass coverslip to remove
villi. Samples were cut into 5 mm pieces and washed five times with
PBS to remove unattached epithelial fragments, mucus, and residual
faeces. After incubation for 30 min at 4 °C in 3 mM EDTA-PBS
solution, intestinal crypts were released from the small intestine tissue
fragments by mechanically pipetting up and down with a 10 mL pipet
in PBS. Isolated intestinal crypts were strained (70 μm cell strainer,
Falcon) and pelleted by centrifugation three times at 1500 rpm for 2
min at 4 °C. The crypts were resuspended in Growth Factor Reduced
(GFR) Matrigel for organoid establishment. A volume of Matrigel and
isolated crypts (50 μL) was seeded into each well of a 24-well plate

(Nunc) and incubated for 15 min at 37 °C until solidified. Each well
received 500 μL of crypt culture media (DMEM/F12, 10% R-spondin
1 conditioned media, 2% Noggin conditioned media, 0.5 μg/mL
Amphotericin B, Glutamax, N2, B27, 10 mM HEPES, Pen-Strep, 50
ng/mL EGF). Crypt culture media was replaced every 2 days.

Organoid Culture and Passaging. Once established, intestinal
organoids were passaged every 3 days. For passaging, Matrigel was
mechanically disrupted and the organoids were recovered by
centrifugation (3 min at 1500 rpm). Residual volumes of Matrigel
were removed, and organoids were resuspended in DMEM/F12
media followed by mechanical disruption or dissociation achieved by
manual pipetting for at least 30 times. Intestinal crypts were washed
with 5 mL of DMEM/F12 media for 3 min at 1500 rpm and
resuspended in Matrigel or nanocellulose hydrogels. A volume of 50
μL of Matrigel-containing crypts was seeded into a 24-well plate as
previously described. For nanocellulose, a 24-well plate was first
coated with 5 μL of CaCl2 or MgCl2 solution and then followed by
the seeding of 50 μL of hydrogels containing intestinal crypts.
Hydrogels were incubated for 5 min at room temperature. Each well,
containing crypts embedded in Matrigel or ionic cross-linked
hydrogels, received 500 μL of crypt culture media, replaced every 2
days. The same protocol was repeated for the further passages of
organoids in Matrigel or hydrogels.

Viability Test and Colony Forming Efficiency. Small intestinal
organoids embedded in the nanocellulose hydrogels or Matrigel were
cultured for 2 or 4 days and stained with propidium iodide and
Calcein-AM to assess living and dead areas. The crypt culture media
was replaced by 500 μL of DMEM/F12 media containing 3 μM mM

Figure 1. Ionic cross-linked nanocellulose matrices. (A) Overview of the ionic cross-linking of functionalized nanocellulose matrix. (B) RGD-TON
and RGD-TPON hydrogels. HATR-FTIR spectra of (C) neat TON and TPON hydrogels and (D) RGD-TON and RGD-TPON hydrogels. (E)
Storage modulus (G′) and yielding point of the cellulosic matrices with comparison to Matrigel. (F) Light transmittance of the RGD-TPON
hydrogel is nearly 100%, Matrigel is lower at 90%, and RGD-TON is 70%. (G) Intestinal organoids embedded in RGD-TPON hydrogel grow
within 4 days of culture with prominent signals of budding, while those in RGD-TON have smaller budding regions (indicated by arrows). Scale
bars: 100 μm. Results shown represent independent experiments performed in triplicates (n = 3, error bars = SD).
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propidium iodide and 1 μM Calcein-AM. Organoids were incubated
at 37 °C and 5% CO2 for 30 min protected of light. Organoids were
imaged under an EVOS XL Core microscope. The numbers of
organoids within both matrices were manually quantified by ImageJ
and data processed.
RNA Extraction. Matrigel and nanocellulose hydrogels were

mechanically disrupted with a pipet to dislodge the organoids.
Organoids were recovered by centrifugation (3 min at 1500 rpm), and
the residual volumes of Matrigel and hydrogels were removed. RNA
was extracted by using a RNeasy Micro Kit according to the
manufacturer’s instructions. Briefly, organoids were resuspended in
RLT buffer and incubated at room temperature for 5 min. The
proportional volume of 70% ethanol was added, and samples were
transferred to a Qiagen RNeasy microcolumn. Samples were
centrifuged at 8000g for 15 s and treated with RW1 and DNase
and RPE solutions. Samples were recovered in RNase-free water, and
the preliminary quantification was assessed by a Nanodrop 2000
(ThermoFisher Scientific). To validate the integrity of RNA, samples
were separated by agarose gel electrophoresis and evaluated through a
bioanalyzer. A 2% gel was prepared by using agarose powder dissolved
in 1× TAE buffer (40 mM Tris-Base, 20 mM glacial acetic acid, 1 mM
EDTA). After cooling slightly, GelRed (1 μL per 100 mL of gel) was
added, and agarose was poured into a casting tray. A 5× loading dye
(50% glycerol, 50% Milli-Q water, and 0.01% Orange G dye powder)
was added to samples before loading. Electrophoresis was performed
at 85 V for 40 min. The gel was imaged under a Bio-Rad Gel Doc
Unit (Bio-Rad). RNA samples were sent to Monash Health
Translation Precinct−Medical Genomics Facility to be assessed
through an Agilent bioanalyzer.
Statistical Analysis. The statistically significant differences in the

colony forming units were assessed by unpaired t test with Welch’s
correction in GraphPad Prism 8.

■ RESULTS
Grafting RGD Peptides on Nanocellulose Fibers. The

carboxyl group contents of TON and TPON were quantified
as 0.98 and 1.92 mmol COO−/g fiber (Figure S1), and the
chemical structure of neat and functionalized nanocellulose
fibers was characterized by FTIR spectroscopy. The spectra of

oxidized nanocellulose reveal the characteristics OH and CH
stretching at 3300 and 2900 cm−1, respectively. The
carboxylate groups are detected by the peak at 1615 cm−1

with higher intensity for TPON than for TON (Figure 1c).
Grafted oxidized nanocellulose presents peaks between 1630
and 1690 cm−1, the characteristic absorption of amide CO
stretch. This shows the formation of covalent bonds between
the TON and TPON fibers and the cell adhesive molecule
mediated by EDC/NHS coupling (Figure 1d).

Stiffness and Optical Properties of Cellulose-Based
Matrices. The storage modulus (G′) of Matrigel is measured
to be 66 Pa, and the nanocellulose hydrogels were designed to
match their rheological properties (Figure 1e). RGD-TON and
RGD-TPON hydrogels at 0.1 wt % solids content present a
poor stiffness (G′) and a liquidlike dominant profile,
respectively, as measured by the parallel plate geometry
(Figure S2). When ionic cross-linked with CaCl2 (50 mM),
RGD-TON hydrogels reach G′ = 47 Pa while RGD-TPOF
achieves 75 Pa. The cross-linking density for cross-linked
RGD-TON hydrogels is quantified as 20.49 mmol/m3, while
for RGD-TPON it is 31.14 mmol/m3 (Table S1). Hydrogels at
0.3 wt % grafted oxidized nanocellulose form significantly
stiffer matrices of G′ up to 500 Pa (Figure S3). RGD-TPON
hydrogels are highly transparent, allowing nearly 100% of light
transmission between 400 and 1000 nm. By comparison, the
light transmittance of Matrigel is 90% but higher than RGD-
TON hydrogels at 70% (Figure 1f).

Intestinal Organoid Growth in RGD-TON and TPON
Hydrogels. The growth of intestinal organoids in Matrigel,
RGD-TON, and RGD-TPON hydrogels cross-linked with
CaCl2 (50 mM) was followed by optical microscopy. After 4
days of culture, organoids in all these matrices are formed and
present a diameter up to 100 μm. Organoids in Matrigel have
different morphologies and can present multiple budding
structures (crypt-like domains that mimic the intestine),
indicated by arrows. In contrast, those encapsulated in RGD-

Figure 2. Rheological characterization of cationic cross-linked hydrogels. (A) Nanocellulose hydrogels require 4 times more Mg2+ than Ca2+ ions to
reach the stiffness of Matrigel. Storage and loss moduli of RGD-TPON cross-linked with (B) CaCl2 and (C) MgCl2 are similar to Matrigel. (D) In
spite of the cationic cross-linker, RGD-TPON hydrogels retain a shear-thinning behavior. (E) Mg2+-cross-linked matrix yields under 6 Pa, while
those containing Ca2+ flow under 9 Pa. Results shown represent independent experiments performed in triplicates (n = 3, error bars = SD).
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TON hydrogel remains mostly cystic (an irregular spherical
morphology) with minor signals of budding, while organoids in
RGD-TPON have more prominent buds (Figure 1g).
Rheological Analysis of Calcium- and Magnesium-

Cross-Linked Hydrogels. The mechanical properties of
RGD-TPON hydrogels cross-linked with MgCl2 and CaCl2
were characterized by rheology. The storage modulus (G′) of
RGD-TPON gels ranges from 75 to 150 Pa when cross-linked
with 50 and 200 mM Ca2+ ions, respectively. (Figure 2a). In
contrast, the stiffness (G′) of magnesium-cross-linked gels
varies from 20 to 66 Pa under the same concentrations of Mg2+

ions. The oscillatory strain sweep reveals hydrogels cross-
linked with MgCl2 (200 mM) and CaCl2 (50 mM) to have a
viscoelastic profile comparable to Matrigel (Figure 2b,c). The
viscosity curves show all cellulose hydrogels as well as Matrigel
to have a characteristic shear-thinning behavior (Figure 2d).

Last, the yielding point of Matrigel is 48 Pa, while the cellulosic
matrices flow under 6 and 9 Pa when cross-linked with
magnesium and calcium, respectively (Figure 2e).

Intestinal Organoids Viability. To assess the cytotoxicity
of the RGD-TPON hydrogels, intestinal organoids are
encapsulated in the cellulosic matrixes and cultured for 4
days. On the second and fourth day, organoids are stained with
Calcein-AM and propidium iodide to determine the living and
dead area, respectively. On the second day of culture,
organoids in Matrigel and RGD-TPON gels present a cystic
morphology without any signals of cell death. On the fourth
day, intestinal organoids embedded in calcium- and
magnesium-cross-linked hydrogels show a small cluster of
apoptotic cells while maintaining a major viable area. Similarly,
organoids in Matrigel have minor loss of cells by apoptosis and
preserve the epithelial integrity (Figure 3).

Figure 3. Intestinal organoid viability. Intestinal organoids were seeded in Matrigel and RGD-TPON hydrogels cross-linked with CaCl2 and MgCl2.
During the second day of culture, cystic organoids present a major viable area. On the fourth day, organoids in Matrigel and RGD-TPON hydrogels
show signals of budding and maintain a high viability with a minor population of apoptotic cells. Scale bars: 100 μm. Results shown represent
independent experiments performed in triplicates (n = 3).

Figure 4. Intestinal organoids passage and recovery. (A) Intestinal organoids are easily passaged and grow in the magnesium-cross-linked matrix,
while those in calcium-containing gels are in very low numbers. (B) Colony formation efficiency shows the number of organoids passaged in Mg
gels to be 10 times higher than in calcium gels. (C) RNA extracted from nanocellulose matrix is intact. Scale bars: 200 μm. Results shown represent
independent experiments performed in triplicates (n = 3, error bars = SD). *p < 0.05. **p < 0.005. ***p < 0.0005.
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Organoids Recovery for Passaging and RNA Extrac-
tion. On the fourth day of culture, the colony formation
efficiencies of RGD-TPON hydrogels and Matrigel are
quantified, and organoids were recovered (dislodged from
the matrices) for RNA extraction. In spite of the ionic cross-
linker used, RGD-TPON hydrogels can grow organoids at a
quantity of nearly 200 organoids/cm2. In Matrigel, the number
of intestinal organoids reaches 300 units/cm2, nearly 30%
more than for the cellulosic matrices (Figure 4a). After
passaging, a similar number of organoids can still grow in
Matrigel. However, the number of organoids in calcium-cross-
linked hydrogels sustains a massive decrease and reaches 10
organoids/cm2. In contrast, RGD-TPON gels cross-linked with
Mg2+ ions can grow organoids at 100 units/cm2 (Figure 4b).
The RNA of the intestinal organoids dislodged from RGD-
TPON hydrogels and Matrigel was extracted and tested for
integrity. Samples were run in an electrophoresis gel, and two
characteristic bands are detected at 28S and 18S (Figure 4c).
In addition, the RNA integrity number (RIN) for RNA
samples collected from nanocellulose and Matrigel is scored
between 7 and 9 (Figure S4). This reveals that the RNA of
organoids cultured in all three matrices is intact and can be
used for further biological analysis.

■ DISCUSSION
In this study, cationic cross-linked nanocellulose hydrogels are
evaluated as matrices for the growth and recovery of intestinal
organoids. Cellulose-based gels were previously explored as
inert scaffolds for the tissue engineering and differentiation of
cells.16,34,37 These materials are limited by the absence of cell
adhesive sites which do not recreate the biochemical
conditions of animal tissues. In addition, the physical
properties of neat cellulosic gels are dependent on its solids
content, preventing the easy and fast recovery of organoids.
Here, we demonstrate that oxidized nanocellulose fibers can be
functionalized with cell adhesive sites and then cross-linked
with Ca2+ and Mg2+ ions to grow and then recover intestinal
organoids. First, TON and TPON gels were assessed for their
abilities to support the culture of organoids. Because of their
highly carboxylated cellulosic backbone, TPON fibers allow
grafting of RGD peptides at higher levels than TON fibers.
RGD peptides were covalently bound to the nanocellulose
fibers by carbodiimide-induced cross-linking, in which the
carboxylate groups are first activated by EDC and NHS in the
absence of the peptides. Only in the second step, RGD
peptides are added to the reaction to minimize its eventual
aggregation due to interaction between its carboxyl and amine
groups. The fibronectin-derived moieties are important to
enhance the interaction between the cells and the cellulosic
surface, hence mimicking the conditions found in the
extracellular matrix (ECM). In general, the presence of these
peptides regulates the cell proliferation and differentiation.38,39

Successful biomaterials that support cell and organoid growth
are reported to have integrin-binding ligandssuch as RGD,
IKVAV, and YIGSR peptidesat a concentration of 0.5−2
mM.29,30 As important as the biological cues, the mechanical
properties of the hydrogels must resemble the stiffness of
organs and tissues.26,40 By targeting the storage modulus (G′)
measured for Matrigel, RGD-TON and RGD-TPON hydro-
gels at 0.1 wt % were cross-linked with calcium ions. Because
of the higher carboxyl content of TPON, the netpoint density
of these hydrogels is 55% higher than in TON, even after
grafted with RGD. Hence, the RGD-TPON hydrogels form a

stiffer 3D network compared to RGD-TON and closer to that
of Matrigel. Organoids cultured in these RGD-TPON
hydrogels present a mature morphology characterized by the
presence of prominent budding structures. In contrast,
organoids embedded in RGD-TON gels remain mostly cystic
with only minor signals of development. These results suggest
the RGD-TPON hydrogels to offer an optimum bioactive
surface and appropriate stiffness for organoid attachment and
growth. Interestingly, the optical properties of RGD-TPON
hydrogels are not affected by grafting peptides on the cellulose
backbone. TPON hydrogels are highly transparent materials
with optical properties superior to those of TON hydrogels
and Matrigel.13 By allowing nearly 100% of light to be
transmitted, RGD-TPON hydrogels support the advanced
imaging of intracellular structures, like organelles and proteins,
usually achieved by confocal microscopy.
The 3D network of hydrogels relies on the cross-linking of

the polymer chains to form a continuous fibrous and porous
structure.41,42 The cross-link between polymeric units can be
achieved by chemical or physical interactions.43 Chemically
cross-linked hydrogels generally present robust and stable
covalent bonds, and the effective cleavage of these bonds may
require enzymes or radiation to occur.44−46 By contrast,
physical cross-linking is coordinated by reversible associations
between the electronegative functional groups present in the
polymer chains.10,47 The addition of ions to connect the
polymeric chains increases the mechanical properties of the
hydrogels, while this binding can easily be disrupted by shear
forces.48−50 Although calcium chloride is a classic ionic cross-
linking agent of hydrogels, its excess can be hazardous to cell
cultures. Indeed, many studies reported that Ca2+ ions in
nonphysiological levels can induce apoptosis of different cell
types.51−53 In addition, nanocellulose hydrogels cross-linked
with Ca2+ were recently reported to induce the overexpression
of calcium-dependent genes in intestinal organoids.35 In
contrast, magnesium-cross-linked materials have not been
investigated in depth as a cross-linker for biomaterials for 3D
cell culture nor in regards to their eventual effects over
multicellular clusters such as organoids.54 To the best of our
knowledge, the excess of Mg2+ ions have only been assessed as
an apoptotic agent in prostate cancer cell lines and also to
reduce excitability of neurons.55,56 In this context, we
compared the cross-linking of nanocellulose matrices with
both ionic agents. Starting from a material’s perspective, we
investigate the equivalent concentration of magnesium chloride
required for RGD-TPON to achieve the mechanical properties
of Matrigel. Donati et al. reported Mg2+ ions and alginate fibers
to present a weaker interaction than Ca2+ ions.57 While
calcium ions strongly bind to a specific site, magnesium ions
are described as a “diffusively bound counterion”, which
translates in materials of lower mechanical properties.58,59

Indeed, we reveal that RGD-TPON hydrogels require 4 times
more Mg2+ ions to achieve the same stiffness as those
hydrogels cross-linked with calcium. Although the oscillatory
strain sweep and viscosity measurements present similar
curves, the yielding point of magnesium-cross-linked gels
(200 mM) is 33% lower than for calcium-containing gels (50
mM). This highlights the fragility of the bonds between
magnesium and carboxylate nanocellulose and presents two
direct benefits. First, the 3D structure of the hydrogel can be
remodeled by the organoids while their cells are growing and
proliferating. Indeed, the entangled network of the hydrogels
can self-heal in response to mechanical stimulus to rearrange
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its internal 3D structure while the cells progress into complex
self-organized systems like organoids.60−62 Second, the matrix
can be completely disrupted by manual pipetting to separate
the organoids from the hydrogel. Both processes do not
require the use of enzymes to digest the cellulose nanofibers,
supporting not only the proper development of the organoids
but also their efficient recovery.
Last, calcium- and magnesium-cross-linked RGD-TPON

hydrogels are compared for their abilities to grow intestinal
organoids and the recovery of these clusters of cells. Although
cross-linked hydrogels are shown to be noncytotoxic, the
colony formation efficiency in both matrices is nearly 30%
lower than in Matrigel in the first passage. On the second
passage, the number of organoids formed in magnesium-cross-
linked RGD-TPON gels reduces to 50%, while in hydrogels
cross-linked with calcium this reduction is nearly 95%. This
suggests that calcium ions may compromise the self-renew-
ability of intestinal organoids by affecting the stem cell
population that sustains organoids for long-term culture. In
contrast, the efficiency of the magnesium-cross-linked matrix
remains considerably higher with the growth rate measured
comparable to recent studies.33,63 Synthetic matrices are
naturally less efficient than Matrigel due to the absence of
several growth factors responsible to enhance the proliferation
and differentiation of cells. In addition, Matrigel is made of
multiple fibrous proteinsincluding laminin, collagen, and
entactinthat contain many integrin-binding sites inducing
cell growth.27,28,64 TPON hydrogels are functionalized with a
single cell adhesive site, RGD, which accounts for its lower
performance. In spite of this differences, organoids can be
easily recovered from RGD-TPON hydrogels for biological
characterization. The RNA extracted from organoids cultured
in the hydrogels remains intact and allow further analysis such
as the whole transcriptome sequencing. To perform this assay,
not only the cells need to be recovered but also their RNA
must be preserved for reliable tests. As an example, the
quantification of the genes expressed by organoids grown in
nanocellulose may reveal the biochemical pathways up and
downregulated by the matrix. Based on this information, the
lacking additivessuch as proteins and growth factorscan
then be properly identified and targeted. Overall, magnesium-
cross-linked TPON hydrogels represent a new class of
promising materials for the short-term culture of intestinal
organoids.

■ CONCLUSION
Cellulose-based hydrogels are plant-based sustainable and low-
cost soft materials with strong potential for applications in
biomedicine. Such alternative materials are urgently needed for
3D cell culture to reduce the dependency of the standard
animal-based tumor-derived gels currently used. In this study,
we demonstrate that cationic cross-linked nanocellulose
hydrogels can efficiently grow intestinal organoids. Because
of its higher carboxyl content, TPON fibers allow the grafting
of more RGD peptides than TON, providing the desired
biochemical cues for cell adhesion. RGD-TPON can be
engineered to achieve the required mechanical properties by
using magnesium and calcium ions as cationic cross-linkers.
Interestingly, magnesium-cross-linked hydrogels sustain the
culture of organoids that can be passaged, with their RNA
extracted remaining intact, enabling further biological analysis.
In contrast, calcium-containing gels are limited by critically
reducing the number of organoids grown after multiple

passages. In this study, murine intestinal organoids were
adopted as biological models. The suitability of these hydrogels
for other types of organoids, including those derived from
human tissues, remains to be individually assessed. Moreover,
additives like extracellular matrix factors and proteins, such as
collagens and laminin, could be blended to the hydrogel to
provide the biological microenvironment required for specific
cell types. Cationic cross-linked nanocellulose matrices stand
as a promising and performant material for the 3D cell culture
systems, with potential to reduce costs in biomedical research.
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