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Herein, we present the synthesis of surface-oxidized cellulose nanofiber (CNF) hydrogel and characterization
with various physicochemical analyses and spectroscopic tools as well as its suitability for cellular encapsulation
and delivery. The structure-property relationship as shear thinning, thixotropy, creep-recovery and stimuli re-
sponsiveness are explored. The CNF hydrogel is capable to inject possessing shear thinning behavior at shear
rate (~10 s−1) range in the normal injecting process. In time-dependent thixotropy, the hydrogel showed
rapid transform from flowable fluid back to structured hydrogel fully recovering in less than 60 s. The presence
of cell-culture media did not alter shear thinning behavior of CNF hydrogel and showed increased thixotropicity
with respect to the control gel. The CNF hydrogel forms 3D structures, without any crosslinker, with awide range
of tunable moduli (~36–1000 Pa) based on concentration and external stimuli. The biological characteristics of
the thixotropic gels are studied for human breast cancer cells and mouse embryonic stem cells and indicated
high cell viability, long-term survival, and spherical morphology.

© 2019 Published by Elsevier B.V.
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1. Introduction

Polymeric hydrogels are at the forefront of cell-encapsulation and
delivery technologies. They are highly hydrated molecular networks,
with characteristics similar to those of an extracellular matrix, that en-
able fluent diffusion of biomolecules [1]. Based on their functions,
there are two main types of hydrogels currently in use in tissue engi-
neering: those forming cell-laden mechanically robust structures
in vitro that are later implanted, and those hydrogels with fluid charac-
teristics that can be sprayed or injected [2–4]. These mutually exclusive
characteristics limit the general utility of most hydrogels for various ap-
plications. Solid hydrogels provide a good protective environment and
encapsulation for the new cells but can result in trauma from surgical
implantation. Additionally, solid hydrogels lack the ability to adapt to
the geometry and mechanical properties of the host tissue, which is re-
quired to establish an optimal host-implant interaction [5]. On the other
hand, most injectable hydrogels fail to retain structural integrity after
injection, offering a limited ability to retain the encapsulated cells [6].

A wide variety of hydrogels, of both natural and synthetic origin,
such as polycaprolactone [7], poly(ethylene glycol) [8], sodium alginate
[9,10], pectin [11], and gelatin [12], have been reported for cell-delivery
applications. However, their hydrogel structures lack mechanical
robustness or multifaceted systems, or they require chemical
nandez).
modification, irradiation, or a secondary crosslinking component for ad-
vanced applications [13–16].

By contrast, cellulose nanofibers (CNF) is a form of nanocellulose
material with a high aspect ratio (10–50 nm wide, 500–2000 nm
long) and an anionic charge on the surface. It forms robust hydrogels
without any additives at low concentrations by anion–anion repulsion,
in addition to their hydrogen-bonding nature. [17,18]. Chemically, CNF
is similar to the glucuronate-block of the alginate which is widely
used in tissue engineering. Despite this, the alginate shows feeble
thixotropicity and recovery limiting it to form a confined structure
[16,19]. Furthermore, at low concentrations and at shear rates
N10 s−1, unmodified alginate shows Newtonian characteristics which
is not suitable in injectable systems [20,21]. CNF forms 3D networks of
entangled flexible nanofibers linked via water-mediated hydrogen
bonds, leading to the formation of hydrogels with a confined structure
[22]. Several studies have been conducted to fabricate CNF hydrogels
for application in various domains; however, to the best of our knowl-
edge, the detailed flow behavior, structure–property relationship, and
effect of cell-culture media on CNF hydrogels have not yet been ex-
plored for cell-encapsulation applications.

We present here a multi-stimulus responsive cellulose thixogel for
potential applications in tissue engineering. Its transition between in-
jectable and solid forms, as well as its ability to encapsulate and deliver
cells, were investigated. Key requirements for the developed cell carrier
were (i) the hydrogel matrix must be preloaded with cells, promoting
even distribution after transplantation and long-term survival using a
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minimally-invasive technique, such as injection; (ii) the hydrogel must
show shear-thinning characteristics tomitigate the effect of shear forces
on cells during injection, improving the survival and outcome of cell-
based therapies; (iii) the hydrogel should show thixotropic behavior,
enabling the rapid transformation of the hydrogel to a robust and pro-
tective encapsulation after injection; and (iv) the transition between a
fluid and solid hydrogel should ideally be triggered not only by the in-
jection process, but also by other mechanical (e.g. sonication, stirring,
or shaking) or chemical means. Additionally, having both reversible
and irreversible processeswould broaden the applicability of the hydro-
gel to technologies requiring fast and stable encapsulation, such as 3D
bioprinting.

2. Materials and methods

2.1. Materials

2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO), sodium bromide
(NaBr; ≥99%), sodium hypochlorite (NaClO; 5% available chlorine), so-
dium hydroxide (NaOH; ≥99%), and hydrochloric acid (HCl; 37%) of an-
alytical reagent (AR) grade were used, all purchased from Sigma-
Aldrich Pte Ltd., Singapore. All reagents, unless otherwise specified,
were used as received, without further purification. Filter paper, made
from 100% virgin pulp, from local suppliers was used as a cellulose
source. Dulbecco's modified Eagle's medium (DMEM), phosphate
buffered saline (1×) (PBS), and 10,000 U/ml penicillin-streptomycin
mixed solution were purchased from Nacalai Tesque, Kyoto,
Japan. Fetal bovine serum (FBS) was purchased from Gibco
(ThermoFisher, USA). MCF-7, E14TG2A (ATCC, USA), calcein-AM/
ethidium homodimer-1 viability/cytotoxicity kits (LIVE/DEAD®,
Invitrogen, ThermoFisher Scientific, USA), 24-well plates (CELLSTAR®,
Sigma-Aldrich, Singapore), elastomer, and curing agent for polydimeth-
ylsiloxane (PDMS) molds (SYLGARD® 184, Sigma-Aldrich, Singapore)
were all used as received.

2.2. Synthesis of CNF hydrogel

CNF preparation was carried out by TEMPO-mediated oxidation of
filter-paper cellulose, using a previously reported method with minor
modifications (Fig. 1A) [17,23]. Briefly, the cellulose (2 g, 12 mmol
anhydroglucose units; AGU) was submerged in deionized (DI) water
(200 ml) containing TEMPO (31.2 mg, 0.2 mmol) and NaBr (205 mg,
2 mmol) under stirring at 25 °C. The NaOCl solution (5% w/v, 27 ml,
20 mmol) was added drop-wise and the pH was maintained at 10.5
by adding 0.5 M NaOH solution until no more variation was observed.
The oxidized cellulose material was rinsed several times with DI water
until the final pH reached 7.4, followed by homogenization using an ul-
trasonic probe homogenizer (Fisherbrand™ Model 505) at 1% (w/v)
concentration. The prepared hydrogel was stored at 4 °C before further
use or analysis.

2.3. Characterization of CNF

Fourier transform infrared (FTIR) spectra of cellulose and dried
CNF were obtained using an FTIR spectrometer (VERTEX 70 FTIR,
Bruker Optik GmbH, Germany) with a resolution of 4 cm−1 and accu-
mulation of 32 scans between 4000 and 400 cm−1 on ATR mode. The
FTIR spectra of CNF were recorded in the acidic conditions used for
transforming carboxylate to the carboxylic functional group, to
avoid resonance overlapping with hydroxyl groups [24]. The surface
morphology and nanostructures of the cellulose and CNF were ex-
amined using a field emission scanning electron microscope
(FESEM; JSM-7600F, JEOL, Japan) at 5 kV accelerating voltage.
Freeze-dried samples were mounted onto a carbon tape on an alumi-
num stub and sputter coated with gold for 30 s. X-ray diffraction
(XRD) patterns of cellulose and CNF were obtained using an XRD
system (D8 Discover, Bruker, USA), using nickel-filtered Cu-Kα radi-
ation (λ = 0.15418 nm) operated at 40 mA and 40 kV, with a scan
speed of 3°min−1, having set the 2θ angle from 2° to 45°. The crystal-
linity indices (CI) were calculated using the Segal Method by the fol-
lowing equation (Eq. (1)) [25]:

CI ¼ I002−Iamð Þ
I002

� 100 ð1Þ

where I002 is the maximum intensity of 002 lattice diffraction, and
Iam is the intensity of the amorphous region at 2(θ) = 18°.

2.4. Degree of oxidation

The degree of oxidation (DO) of the obtained CNF hydrogel was
estimated by conductivity titration [26], which refers to the average
number of carboxylic groups per anhydroglucose unit. CNF hydrogel
(~0.3 g corresponding dry weight) was dispersed in 50 mL of water,
and 0.05 M HCl solution was added drop-wise, with stirring, to reach
pH 2.5, followed by conductivity titration with 0.05MNaOH solution
at an addition rate of 0.1 ml min−1 at 25 °C. The degree of oxidation
was calculated using the following equation (Eq. (2)):

DO ¼ 162 V2−V1ð Þc
w−36 V2−V1ð Þc ð2Þ

where V1 is the volume of NaOH required to achieve neutralization of
the strong acid (HCl), V2 is the volume of NaOH required for
neutralization of the weak acid (\\COOH), c is the concentration
of NaOH (mol l−1), and w is the dry amount of the cellulose
nanofibers.

2.5. Rheological characteristics

The CNF hydrogel of 1% concentrationwas further diluted separately
to 0.75% and 0.5% w/w concentrations with DI water, as well as with
media for conducting rheological experiments. All the rheological ex-
periments with the CNF hydrogel were performed using a rheometer
(HR-2 Discovery Hybrid Rheometer equipped with Environmental
Test Chamber, TA Instruments, USA), using parallel plate geometry
(40 mm diameter, 1 mm gap). The temperature was maintained at 25
°C by active temperature control (ACT) and a circulating water bath.
The flow behaviors of the CNF hydrogels of different concentrations
were determined by measuring the dynamic shear viscosity (η) with
different shear rates (0.01–1000 s−1). A power law model was
fitted to the plot, representing shear stress as a function of shear rate
(Eq. (3)):

τ ¼ Kγ˙n ð3Þ

Here, K is the consistency coefficient and n is the flow behavior
index; τ andγ• represent the shear stress and applied shear rate, respec-
tively. The Casson fluid model was also fitted to the plot representing
shear stress as a function of shear rate using TRIOS software (TA Instru-
ments, USA). Experiments for evaluating the time-dependent thixotro-
pic property of CNF were carried out at different three-step shear rates
(0.1 s−1, 100 s−1, and 0.1 s−1), employing durations of 100 s for each
step [15,19]. The total thixotropy times of the hydrogel samples were
determined by the time differences between the second step at the
end of the structural deformation phase and the time during the third
stage when the maximum viscosity was achieved as a result of struc-
tural regeneration. The thixotropy of the hydrogel was measured with
a hysteresis loop method in which the shear rates applied were varied
from 0.1 to 1000 s−1 for 300 s in an upward sweep, immediately
followed up by a downward sweep. Areas under the upstream (Aup)
and the downstream (Adown) data points, as well as the hysteresis
(thixotropic) area (Aup − Adown), were obtained using the TRIOS



Fig. 1. Synthesis and characterization of CNF. (a) Reaction mechanism of the TEMPO-mediated surface oxidation of primary hydroxyls of cellulose followed bymechanical disintegration,
leading from cellulose paper to transparent hydrogel. (b) X-ray diffractograms of cellulose and CNF. (c) FTIR spectra of cellulose and CNF. (d) Scanning electron micrographs of cellulose
and CNF.
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software. The percentage of relative thixotropic area (Ar) was calculated
using Eq. (4) [27]:

Ar ¼
Aup−Adown
� �

Aup
� � � 100 ð4Þ

An oscillation-strain sweep, from 0.001 to 100% strain at an angular
frequency of 10 rad s−1, was performed to detect the linear viscoelastic
region (LVR). Further, an oscillation frequency sweep in these LVRs was
performed in a range of 0.1–100 rad s−1 tomeasure the storage and loss
moduli. The time-relaxation thixotropy of the CNF hydrogel was carried
out by measuring storage (G′) and loss moduli (G″) at strain in the LVR
(strain 1%) for 150 s at 1 Hz frequency followed by deformation of the
gel employing strain greater than LVR (strain 20%) for 60s at 1 Hz fre-
quency [28]. The cycle was further repeated five times. The yield stress
(τ) experiment for each sample was carried out at a constant shear rate
as a function of time. The static yield stress for each sample was
ascertained,which represents the range of linear reversible deformation
for a soft gel system. For the creep-recovery measurement, all samples
were subjected to an applied creep for 300 s,while the recoverywas ob-
served for 600 s.

2.6. Water holding capacity of CNF hydrogel

The CNF hydrogel was dispersed in cell-culture media (7:3 ratio of
water to media), and the final concentration was set to 0.5% (w/w).



Fig. 3. Thixotropic behavior of CNF hydrogel. (a) Time-dependent thixotropicity behavior
of the CNF hydrogel by step shear measurements. (b) Evaluation of the thixotropicity by a
hysteresis loop test of CNF hydrogel at 1, 0.75, and 0.5% concentrations. (c) Recovery of
thixotropicity by a cycle performance test for five consecutive cycles.

Fig. 2. Shear-thinning behavior of the CNF hydrogel by dynamic viscosity curves.
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The prepared hydrogel (3 g) was placed in a petri dish containing a
buffer solution of different pH values (4.0, 7.4, and 9.0) and incubated
at 37 °C for 48 h. The water holding capacity Q (g/g) of the hydrogel
was calculated at predetermined interval of time from the following ex-
pression (Eq. (5)):

Q ¼ W1−W0ð Þ
W0ð Þ ð5Þ

Here, W0 is the initial weight of the hydrogel, and W1 is the final
weight of the hydrogel.

2.7. 3D cell culture and encapsulation

Two separate cell lines, green fluorescent protein (GFP) expressing
human breast cancer (MCF-7) and mouse embryonic stem cells
(mESC; E14TG2A),were used to perform the encapsulation and viability
assays. The MCF-7 cell line was cultured in DMEM supplemented with
10% (v/v) FBS and 1% (v/v) penicillin-streptomycin mixed solution
and maintained at 37 °C in a humidified atmosphere with 5% CO2.
E14TG2AmESCswere grown on a 0.1% (w/v) gelatinized petri dish con-
taining DMEM supplemented with 1% v/v sodium pyruvate, 1% (v/v) L-
glutamine, 1× (v/v) non-essential amino acids, 15% (v/v) FBS, 1% (v/v)
penicillin-streptomycin, 0.1 mM (v/v) 2-mercaptoethanol, and leuke-
mia inhibiting factor (LIF; 1000 U/ml).

Upon confluency, the MCF-7 cells were dissociated using trypsin,
centrifuged, and re-suspended in fresh medium at a concentration of 9
× 105 cells/ml. The cells were encapsulated in CNF hydrogel under ster-
ile conditions. The hydrogel was initially vortexed at high speed for
5 min to lower the viscosity. This solution was mixed homogeneously
with the cell suspension and then seeded into 24-well plates. The hy-
drogel was incubated in medium and maintained at 37 °C, 5% CO2. The
culture medium was replaced every 24 h. All samples were prepared
in triplicate. A LIVE/DEAD® viability/cytotoxicity assay kit was used to
test the viability of the encapsulated cells. The reagents were added to
the hydrogel, followed by incubation for 45 min in the dark at 37 °C.
Green (live cells) and red (dead cells) fluorescence images, along with
corresponding phase contrast images, were collected separately using
an inverted microscope (Axio Observer, Carl Zeiss GmbH, Germany).
Similarly, 1 × 106 mESCs were added to the cellulose hydrogel
contained in a 24-well plate at a 1:1 ratio. The cells were pipetted thor-
oughly to uniformly disperse them in the gel. After 24 h, the plate was
incubated for 45 min in the dark using a LIVE/DEAD® viability/cytotox-
icity kit, and representative images were taken. Viability was checked
periodically at 1, 3, 5 and 7 days.

To obtain a 3D overview of the cell-laden hydrogel constructs using
confocal microscopy, a mold was designed using a solid-modeling
computer aided design (CAD) computer program (SolidWorks, Dassault
Systèmes, France). 3D printing of the mold was achieved using a high-
precision 3D printer (Objet30 Prime, Stratasys, USA). The molds were
washed thoroughly with distilled water and dried at 60 °C prior to
use. A PDMS replica was molded by casting a liquid pre-polymer



Table 1
Deformation and recovery characteristics of CNF hydrogels.

Entry CNF concentration, (%) Yield stress, τ0 (Pa) Maximum
creep, γ (%)

Relative
recovery, R (%)

1 1 55.88 33.14 18.94
2 0.75 23.08 42.87 25.84
3 0.50 6.89 190.81 69.13
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comprising a mixture of 10:1 elastomer and curing agent. The mixture
was cured at 60 °C overnight and the PDMS mold was peeled off the
3D-printedmold. The PDMSmold was plasma bonded (Harrick Plasma,
USA) to a coverslip (22 × 22 mm) for 5 min. 200 μl of cell-laden hydro-
gel was injected into the center, and close contact with a coverslip was
ensured. The gel construct was immersed in culture media and the
media was replenished every 24 h. After 96 h of cultivation, the con-
structs were visualized using a confocal laser scanning microscope
(AR1, Nikon Corp, Japan). The hydrogel construct was excited at
488 nm and Z-stack images were taken through a hydrogel depth of
600 μm with an interval of 10 μm between each image.

3. Results and discussion

3.1. Synthesis and characterization of stimuli-responsive cellulose hydrogel

To prepare the cellulose-based hydrogel, regioselective surface oxi-
dation of the primary hydroxyl groups of the cellulose was conducted
Fig. 4. Characterization of CNF thixotropy. (a) Stimulus responsiveness of CNF hydrogel for stres
by cavitation during vortex agitation). (b) Range of storage modulus (G′) obtained with vario
injected in a low-viscosity state, enabling its delivery, but rapidly recovered its consistency a
conformation after injection. The hydrogel conformed to complex structures and narrow space
using a TEMPO radical-mediated system, as shown in Fig. 1a. The oxi-
dized cellulose was further disintegrated using a probe sonicator, lead-
ing to the formation of the CNF hydrogel in water with 26% oxidation
(Fig. S1). XRD and FTIRwere used to characterize the cellulose oxidation
(Fig. 1b & c). The integrity of the cellulose backbone was confirmed by
the presence of its characteristic IR bands. The oxidation of the CNF
was confirmed with a noticeable new sharp peak at 1720 cm−1, attrib-
uted to the vibrationmode of\\C_O in the carboxylic acid. The absence
of prominent IR bands in the CNF sample at 2971, 1460, and 1238 cm−1

attributable to the methyl, aromatic methylene, and\\N\\O resonance
of the TEMPO reagents confirmed the complete removal of the oxidizing
reagent (Fig. S2). Despite the oxidation of the cellulose, the crystallinity
remained intact (Fig. 1b), showing the characteristic cellulose I diffrac-
tion patternwith peaks at 15° (101) and 22° (002) [29]. Unmodified cel-
lulose exhibited a micro-fibrous structural morphology of several
millimeters, with widths in the range of 30–70 μm (Fig. 1d). However,
the oxidized cellulose was characterized by a highly entangled and in-
herently joint fibrils network, with diameters in the range of
40–100 nm.

3.2. Shear-thinning behavior of the hydrogel

Shear-thinning hydrogels can flow and deform into liquids under
shear stress due to the alignment of polymeric chains/fibers in flow di-
rection and loss of chain entanglements (Fig. S3; Movie S1). In biomed-
ical applications, these hydrogels can be cell-laden, are able to absorb
shear forces, and can prevent cellular damage during injection, thus
s, sonication, pH, and cation factors (white spots in the hydrogel aremicro-bubbles formed
us stimulus factors. (c) Injection of CNF hydrogel in a cylindrical mold. The hydrogel was
fter being deposited, retaining the shape of the mold. (d) Additional examples of shape
s before returning to its solid state.
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mitigating the effects of shear forces on cells and thereby improving the
outcomes of cell-based therapeutics [30]. The dynamic viscosities (η) of
CNF hydrogels with different water amounts were examined as a func-
tion of shear rate (Fig. 2; Table S1). The higher polymer/water ratio ex-
hibited greater viscosity along the entire range of the shear rate,
indicating a more entangled polymeric network. Furthermore, while
the range of viscosities achievable by the hydrogel was strongly influ-
enced by its water content, all hydrogels showed a decrease in viscosity
under shear. The flow behavior index was n b 1, as derived from the
power law approximation curve, indicating the typical shear-thinning
behavior of the samples. The standard flow curves were fitted to differ-
ent fluid models; the best fit of the statistical data (maximum R2 value)
to the Casson fluid model indicates a non-Newtonian fluid with yield
stress (Table S2) [31]. The CNF hydrogels exhibited low viscous behav-
ior at moderate shear rates (~10 s−1), such as those produced during an
injection process [32]. A plateau regionwas observed at high shear rates
(N10 s−1), suggesting homogeneity in the aspect ratio of the nanofibrils
[33].

Due to the medical nature of the technology, the shear-thinning
characteristics of the material were also studied after changing the dis-
persal phase of the CNF hydrogels from water to DMEM, enabling the
support of cellular metabolism after encapsulation. While the shear-
thinning characteristics of the hydrogel were unaffected by the change,
the presence ofmedia produced somedistinctive differences in the flow
curve, specifically, higher viscosities at lower shear rates (γ• N 1 s−1)
than the respective water-based sample, suggesting a new interaction
of the CNF polymer with, probably, the sucrose present in the media
(Fig. S4) [34].
Fig. 5. Schematic illustration of CNF interfibrillar crosslinking with (a) di-valent (involving 2-c
CNF-cation complex in the presence of a cationic chelator.
3.3. Structural deformation and regeneration of the hydrogel

Structural deformation and regeneration of the hydrogel was evalu-
ated by time-dependent thixotropicity, a hysteresis loop test, dynamic
moduli, and creep-recovery measurements. In the time-dependent
thixotropy (Fig. 3a), the first step in the low-shear condition achieved
a stable η-value, which was used as a reference value for the viscosity-
at-rest (e.g. gel loaded in a syringe). The second step, with higher
shear rate, showed structural deformation (e.g. gel being injected
through a needle), while the third step back to the low shear-rate
showed structural regeneration (e.g. gel delivered into the host environ-
ment). As shown in Fig. 3a, the time-dependent thixotropy was signifi-
cantly influenced by the concentration of the hydrogel. The percentage
of regeneration was determined at the constant viscosity at step three,
in relation to the reference value of the viscosity-at-rest. The regenera-
tion percentages of the hydrogel were 58, 65, and 41% at concentrations
of 1, 0.75, and 0.5%, respectively, whereas the total thixotropy times
were 64, 97, and 98 s (Table S1). Interestingly, the presence of media
significantly increased the regeneration of the hydrogel by ~71% at
0.75% concentration and ~78% at 0.5% concentration of the hydrogel
(Fig. S5).

The hysteresis loop test is a classical method for the evaluation of
thixotropic behavior. The relative percentage of the thixotropy area
(Ar) of the CNF was inversely related to the concentration: 30.15,
37.10, and 46.29% at concentrations of 1, 0.75, and 0.5%, respectively
(Fig. 3b; Table S1). The CNF hydrogel (1% w/w) was also analyzed for
a subsequent continuous stress-ramp cycle (up to five cycles) to deter-
mine the structure recovery cycle performance and showed significant
hains) and (b) tri-valent (involving 3-chains) cations. (c) Stability test of the beads of the
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structure recovery even after five cycles (Fig. 3c). Additionally, the pres-
ence ofmedia decreased the area of the hysteresis loop to 19.40% (0.75%
with media) and 22.65% (0.5% with media) that of the control hydrogel
(Fig. S6). Interestingly, the CNF hydrogel had significantly greater
thixotropicity at low concentrations than sodium alginate (6.17%
thixotropicity at 4% w/w concentration) [19]. The inverse trend of
thixotropicity against concentration could be an advantage for inject-
able applications, where material density/viscosity versus thixotropy
could form a tailored application system.

A frequency sweep testwasperformed to determine the storage (G′)
and loss (G″) moduli as a function of angular frequency (ω) at the oscil-
lation strain of the LVR region. The frequency sweep curves show that G′
varied from ~36 to 301 Pa as the concentration increased from 0.5 to 1%
(Fig. S7). The structured gel showed elastic behavior (G′≈ω0, G′≫ G″)
[35] while the storage modulus (G′) was greater than the loss modulus
(G″) at all three concentrations, representing a gel-like structure even at
a high angular frequency (100 rad s−1). Interestingly, these values are
significantly higher than the hydrogel obtained from microcrystalline
cellulose without surface oxidation, due to the stable structure forma-
tion on electrostatic repulsion between the polyanionic structure of
the TEMPO-oxidized nanofibrils. To explore the recovery of the storage
moduli (G′) of the gel upon relaxation, the CNF gel was deformed by ap-
plying high strain followed by relaxation (Fig. S8). The CNF gel showed
significant structure recovery in terms of storage modulus (91.11%)
even after 6 consecutive cycles of deformation-regeneration.

The CNF hydrogel exhibited structuralfluid, non-Newtonian proper-
ties, thereby showing yield behavior. Yield stress (τ0)provides informa-
tion about the relative strength of the network structure of the
hydrogel; beyond the yield-stress value, the structure becomes compro-
mised, and thematerial startsflowing. The yield stress of theCNF at con-
centrations of 1, 0.75, and 0.5% were 55.88, 23.08, and 6.89 Pa,
respectively (Fig. S9a). The transient behavior of the viscoelastic prop-
erty in the hydrogel samples was analyzed using creep-recovery tests
at two shear stress steps (Fig. S9b). The first step was instantaneous
stress applied for 300 s, with the strain increasing over time, known as
Fig. 6.CNF as a cell-encapsulation system. (a) Graphical representation of a cell-hydrogel constr
microscopy images of GFP expressingMCF-7 cells cultured in cellulose hydrogels for 96 h. The le
cell-ladenpillar; the right columnpresents the corresponding Z-axismaximumprojection views
thinning and thixotropy of CNF hydrogel. (d) Quantification of cell viability for MCF-7 and mES
creep. In the second step, the recovery was measured by removing the
applied stress, with the strain decreasing over time. The maximum
creep (peak strain) and the relative recovery were calculated from the
creep-recovery plot (Table 1). The peak strain value of the CNF hydrogel
at 0.5% concentration (γ = 190.81%) was ~six-fold greater than for 1%
CNFhydrogel (γ=33.14%) (Fig. S9; Table 1). On the other hand, the rel-
ative recovery of 0.5% hydrogel was 69.13%, compared to 18.94% at the
higher concentration of CNF hydrogel (1%).

The results indicated higher peak strain associated with softer mi-
crostructures, which is good corroboration of the flow ramp curves
discussed in Section 3.2. Interestingly, lower concentrations of CNF ex-
hibited higher relative recovery, indicating greater elasticity in the mi-
crostructure, and the higher relative recovery indicated elasticity in
themicrostructures. The structure–property relationship and the diver-
sity of the elasticity versus shear-thinning/thixotropicity behavior could
enable a wide range of customized applications for the hydrogel.
3.4. Evaluation of stimulus responsiveness of CNF thixogel

The stimulus-responsive characteristics for the physical stimuli
(shearing and sonication) and chemical stimuli (pH changes and cat-
ionic complexation)were confirmed by determining the storagemodu-
lus of the hydrogel (Figs. 4 & S10). The oscillation time sweep graph
showed linear G′ (~100 Pa at 100 s) at rest. In the second step, G′ was
measured immediately after the applied stimuli (shaking and sonica-
tion) and exhibited a significant decrease in storage modulus (28.37
and 60.82 Pa, respectively), which represented the hydrogel in a
flowable state (Fig. 4b). On the removal of the external stimuli, the stor-
age modulus of the hydrogel returned nearly to its previous condition
due to the reversible structure formation. The shear-thinning and struc-
ture regenerative properties of the hydrogel enabled its injectable appli-
cation and conformation to complex structures and narrow spaces
(Fig. 4c & d). In the acidic pH (4.0), the hydrogel exhibited greater G′
(817.01 Pa) due to the protonation of the carboxylate groups. On the
uct and the areas of the hydrogel thatwere imaged using confocalmicroscopy. (b) Confocal
ft column presents 3D reconstructions of 600 μmthick confocal views of an 8mmdiameter
. Scale bar: 250 μm. (c) Schematic illustration of a cell-deliverymechanismusing the shear-
C cell lines. (e) Cell distribution in the thixogel during 1 week of culture.



1016 N.D. Sanandiya et al. / International Journal of Biological Macromolecules 130 (2019) 1009–1017
other hand, the G′ value decreased sharply (27.84 Pa) in a base pH due
to the lower cation–cation repulsion [36].

The responsive behavior of the TEMPO-oxidized cellulose hydrogel
to applied stimuli, such as stress, sonication, or pH, enabled transit of
the flowable solution and return to the hydrogel state upon removal
of the external stimuli, demonstrating reversible flow behavior through
several cycles. The substitution of the DI water phase of the hydrogel by
DMEMmaintained the switchable behavior of the system in response to
external stimuli, enabling its use in combination with cell-culture tech-
niques and demonstrating the suitability of the hydrogel for cell-
encapsulation and cell-delivery systems (Fig. 4a).

The polyanionic cellulose also exhibited complex formation with di-
and tri-valent cations (M2+/3+), as previously reported [17,24]. The G′
was significantly greater with tri-valent (Fe3+) ions (~17,972 Pa) than
di-valent (Ca2+) ions (1655.86 Pa) when interacting with three car-
boxyl groups from different glucuronan units at the same time, facilitat-
ing 3D bonding structures that yielded a more complex gel network
(Fig. 5a & b) [37]. The ionic crosslinking ability of the hydrogel enabled
formation of beads or filaments in the presence of the ionic solutions
(e.g. 0.1% CaCl2) (Fig. 5c; Movie S2). The cationic complex of the CNF
was particularly stable and unaffected by the cationic chelator (EDTA),
while obvious degradation has been reported with crosslinking com-
plexes of other biopolymers (Fig. 5c) [38]. Additionally, CNF hydrogel
dispersed in the DMEM exhibited slender water holding capacity
(b10%) in the physiological pH condition (Fig. S11). Under acidic pH
(4.0), most of the carboxylate anions were protonated, eliminating the
main anion–anion repulsive forces, and consequently thewater holding
capacity decreased. At higher pH (~9), the charge-screening effect, due
to the excess cations, shielded the \\COO groups, preventing the
anion–anion repulsion and leading to water loss from the structure.
3.5. Cell encapsulation and viability of CNF thixogel

The evaluation of CNF for cell encapsulation was studied for human
breast cancer cells (MCF-7) and mESCs as models for sustained release
of paracrine factors and for tissue regeneration, respectively. Due to
the suitability of the material for showing liquid-like behavior after
stimulation, the cells were easily encapsulated by shaking the cell-
hydrogel mixture, resulting in a homogenous distribution that was
retained when the hydrogel solidified (Fig. 6a & b). For breast cancer
cells, the live cells that were identified as Calcein-positive and EthD-
negative were constant at each time point for 1 week, with a 96% sur-
vival of cell population after 7 days post-encapsulation. In contrast,
stem cells showed a significant decrease, of 18%, from the original pop-
ulation after a week of culture (Fig. 6c).

A similar, but larger (about 30%), decrease in embryonic stem cell
populations, after 5 days of being encapsulated in alginate, hyaluronic
acid, and Matrigel, has previously been reported [39]. This sudden pop-
ulation decrease, which resulted in a stable population at about day 10,
is usually explained as the result of an increased hydrogel density by
thermal gelation in the incubator [40]. That, however, does not explain
why a similar effect is not observed in the cancerous line nor the inde-
pendence of this effect from the encapsulating material.

For the two cell types investigated, a spherical, non-adherent mor-
phologywas observed (Fig. 6d). The spherical shape of the encapsulated
cells in the 3Dgel suggests that the cells were trappedwithin the hydro-
gel and not adhered to the cellulosic molecular chains. The lack of at-
tachment also resulted in the inhibition of cellular aggregation—a
common issue in cell-laden hydrogels [41,42] and the main limitation
for the long-term survival of large tissue constructs, which fail due to
the necrosis of the inner volumes of aggregates [43,44]. Therefore, the
cellulose thixogel presented here may have potential as a vehicle for
cell encapsulation and delivery, improving on the most common weak-
nesses of existing encapsulation materials, such as high cell mortality
during delivery and necrosis of the cell-laden gel after implantation.
4. Conclusion

Here, we evaluated and examined the complete, comprehensive
flow-deformation behavior of the oxidized CNF hydrogel. Thematerial's
properties were influenced by its concentration and the presence of ex-
ternal physical (e.g. stress, sonication) and chemical (e.g. pH and cat-
ions) stimuli or cell-culture media. The CNF hydrogel can be injected
and exhibited characteristic shear-thinning behavior at a shear rate
range of ~10 s−1. Upon introduction, the hydrogel showed a rapid trans-
formation from fluid to a structured hydrogel, achieving 58% regenera-
tion in 60 s at 1% concentration. The CNF hydrogel formed 3D structures
by flexible entanglement of nanofibers with a wide range of tunable
moduli in G′ (~36–1000 Pa) based on concentration and in the presence
of media. The soft and flexible hydrogel microstructure was confirmed
by yield-stress behavior and high peak strain value (69.13%), even at
low concentration (0.5%), in the creep-recovery study. The CNF hydro-
gel was highly compatible with the human breast cancer cells (MCF-
7) andmESCs, with homogeneous distribution in the gelmatrix, signify-
ing its potential applicability as a cell-encapsulation delivery carrier for
sustained release of paracrine factors and for tissue regeneration, with
unique versatility for injection, scaffolding, and 3D bioprinting.

Additional data, including rheology plots, schematics, and additional
discussion, are furnished in the online supporting information. Supple-
mentary data to this article can be found online at https://doi.org/10.
1016/j.ijbiomac.2019.02.135.
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