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a b s t r a c t

Advances in hydrogel design are yielding new hydrogel materials with diverse macroscopic topological
structures. Among these, hydrogel fibers have been considered as a new class of hydrogel material with
unique spatiotemporal properties. In this study, based on the novel non-template dynamic-crosslinking-
spinning (DCS) method which has been demonstrated for scalable fabrication of size-controllable
hydrogel fibers from oligomers, the method involved the use of one-step production of nano-
composite hydrogel fiber with weakly-gelled nanoparticle/oligomer (cellulose nanocrystals/poly(-
ethylene glycol) diacrylate, CNC/PEGDA) dispersion, where the interparticle interactions between CNC
dominate the rheological property. The weakly-gelled CNC/PEGDA dispersion exhibited viscoelastic and
shear thinning behavior, where continuous and uniform CNC/PEGDA hydrogel fibers were successfully
fabricated by controllable extrusion. The diameter and water retention of the fibers could be controlled
by the CNC content and spinning parameters. In addition, mechanical properties of the fiber were found
to increase in the presence of CNC.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogel, a class of unique soft material, has been exploited in
many research activities and industrial applications, due to their
tunable and distinctive properties, such as highly water retention,
porous structure, ease functionalization, stimuli-responsive prop-
erty and etc [1e5]. Advances in hydrogel design have led to the
development of a new generation of hydrogel materials with
diverse macroscopic structures, such as gradient porous [6], knitted
[7], patterning [8], ordered porous structure [9], and sandwich
structures [10]. These structures often exhibit anisotropic proper-
ties in swelling or stimuli-responsiveness. Among these, hydrogel
fiber is a unique one-dimensional material with spatiotemporal
properties such as high length/diameter ratio, flexibility and
knittability (reconstructed into 2D and 3D structure), which are
suitable for applications in biomimetic device [11], biomaterial [12],
signal transmission media [13] and etc.
Polymers that are suitable for hydrogel fiber production should
possess water-soluble linear chains and high molecular weight,
such as alginate or ultra-high molecular weight polyoxyethylene
[14e16]. However, scalable hydrogel fiber production, starting from
monomers or oligomers (the common functional and structural
element of hydrogel), presents many challenges. One of the
important challenges is in the aspect of time consideration. As
spinning is a dynamic process, in which the solid fiber segment
forms instantaneously with anisotropic molecular order under
uniaxial drawing force [17]. Conversely, fabrication of hydrogel fi-
ber by the in-situ polymerization process must also consider the
additional factor of polymerization kinetics. In specific, one
demonstrated hydrogel fiber fabrication method using in-situ
polymerization with slow kinetics in capillary could only produce
limited fiber length and not be able to be produced continuously in
a large scale [13,18].

Recent advances in polymer chemistry and micro-device using
pre-gel monomer solutions appeared to be able to overcome the
continuous spinning challenge. This is because the rapid poly-
merization process could lead to instantaneous fiber formation
[19]. Furthermore, microfluidic technology combining with rapid
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Table 1
CNC/PEGDA dispersion with different component.

Solution/Sample No. CNC
(wt%)

PEGDA and I2959
(wt%)

Water
(wt%)

C0P70 0 70 30
C0.3P70 0.32 70 29.68
C0.6P70 0.64 70 29.36
C0.9P70 0.95 70 29.05
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photopolymerization have been exploited for continuous pro-
duction of hydrogel fiber [20]. Comparing with the use of capil-
lary, the microfluidic device is a much desirable and sophisticated
chemical reactor, in which dynamic polymerization can be pre-
cisely controlled with the design geometry and the use of pre-gel
solution. However, the application of microfluidic device as
reactor for mass production of hydrogel fiber is still not practical
due to the complexity of the design and operation of microfluidic
devices.

The non-template method has been showed to be a conve-
nient way to fabricate hydrogel fiber, but it relies on the proper
viscoelastic property of pre-gel solution. Several non-template
methods have exploited pre-crosslinked (covalent or non-
covalent) dispersions in hydrogel fiber production. For
example, a Chinese-noodle-inspired extrusion process [21] has
been demonstrated for hydrogel fiber fabrication using a cova-
lently crosslinked dispersion. In this study, the aqueous pre-gel
solution was filled in a syringe and exposed to the UV light for
polymerization. And then the pre-crosslinked hydrogel was
extruded through a sieve with specific diameter to obtain
noodle-like hydrogel. However, this two-step process (poly-
merization and extrusion) was found difficult to produce fiber
continuously.

Using nanocomposite pre-gel suspension, a hydrogel fiber
textile was successfully demonstrated by 3D printing [11] using the
following fabrication process. A clay/monomer nanocomposite
dispersion was extruded directly on a platform with specific
designed pattern and then photopolymerized to form hydrogel fi-
ber textile. In this method, clay strongly interacted with monomer
in a non-covalent manner as a rheological thickener, which led to
the gelation of clay/monomer dispersion (storage modulus (G0)
higher than loss modulus (G00)) and ensured that the extruded
dispersion was not deformed before polymerization. The addition
of rheological thickener inspired us to explore a newway to control
the viscoelastic property of dispersion to tailor the fabrication of
nanocomposite hydrogel fiber, since the nanocomposite hydrogel
have exhibited superior properties to traditional organogel without
nanofillers [22e25].

In our previous research, on the basis of wet-spinning, we have
demonstrated a novel non-template dynamic-crosslinking-spin-
ning (DCS) method and successfully spun organogel fiber in a large
scale with controllable diameter using poly(ethylene glycol) dia-
crylate (PEGDA) oligomer [26]. This research confirmed the
spinnability of aqueous oligomer solution through rapid polymer-
ization under drawing force. In the current study, we aimed to
demonstrate a new paradigm of using the DCS approach to fabri-
cate nanocomposite hydrogel fiber. In specific, we used cellulose
nanocrystals (CNC) as the nanofiller and successfully produced
CNC/PEGDA hydrogel fiber. The rheological measurement of pre-gel
dispersion revealed that the neat PEGDA oligomer solution (New-
tonian fluid) transformed into polymer-like solution (non-Newto-
nian or pseudo-plastic fluid) after the addition of CNC. The pre-gel
dispersion showed weak gelation behavior and distinct shear
thinning property, which could be adjusted by extrusion conditions
for spinning. Moreover, we demonstrated the diameter and water
retention property of the fiber could be controlled by spinning
parameters, and the mechanical property was significantly
improved by addition of CNC in a proper concentration. In sum-
mary, DCS method is an effective approach to produce nano-
composite hydrogel fibers, which provide a method to utilize
hydrogel fibers as carrier of functional nanoparticles with photo-
catalysis [27e29], photo-thermal [30,31] and other properties
[32,33].
2. Experimental

2.1. Materials

Cellulose nanocrystals (CNC) was supplied by Guilin Qihong
Technology Co. Ltd. and the sample was purified by dispersion-
centrifugation (Centrifuge 5804R, Eppendorf, Germany; 10000r/
min for 1 h to obtain CNC sediment) for 3 times. Finally, the purified
CNC powder was obtained by lyophilization (LyoQuest-85, Telstar,
Spain). Poly(ethyleneglycol) diacrylate (PEGDA, Mn ¼ 700) and
photoinitiator 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpro
piophenone (IRGACURE 2959, I2959, 98%) were obtained from
Sigma-Aldrich. Karl-Fisher solution (pyridine-free) was purchased
from Sino-pharm Chemical Reagent Co. Ltd. Deionized water was
made by a water purification system (Heal Force Bio-Meditech
Holdings Ltd).

2.2. Fabrication of CNC/PEGDA hydrogel fibers

CNC dispersion was obtained by dissolving CNC powder in
deionized water and under stirring for 24 h. And then the mixture
of I2959 and PEGDA (I2959: PEGDA¼ 5: 1000, wt%) was added into
the CNC dispersion under continuous magnetic stirring at room
temperature (25 �C) avoiding light for 24 h to get uniform pre-gel
dispersion, which was subsequently utilized for dynamic-
crosslinking-spinning (DCS). Pre-gel dispersions with different
components are shown in Table 1.

The spinning procedure of CNC/PEGDA hydrogel fiber was
similar to our previous work [26]. In brief, the pre-gel dispersion
was extruded into the water bath (25 �C) perpendicularly through a
cylindrical nozzle by metering pump (KDS100, KD Scientific, USA).
Diameter of nozzle could be changed in order to adjusting the shear
rate. Mercury lamp UV irradiation (S1500, EXFO, Canada.
l ¼ 360 nm, 2.77w/cm2) was used to initiate photopolymerization
of the extruded dispersion in water, resulting in continuous for-
mation of cylindrical hydrogel dynamically. The cylindrical hydro-
gel was continuously collected on a plastic roller outside the bath to
form hydrogel fiber, where the collecting roll possessed a range of
adjustable winding speed (0e1000 m/h) that could be used to
apply varying drawing force to reduce the fiber diameter.

2.3. Characterization of pre-gel dispersion and hydrogel fibers

The rheology property of pre-gel dispersions was tested by a
rotational rheometer (ARES, TA, USA) at 25 �C. The parallel plate
mode (50 mm) with a sample gap of 600 mm was adopted. The
dynamic frequency sweep measurement was performed at the
strain of 1%. The shear rate range for steady mode was from 10�1

s�1 to 103 s�1. The structure of hydrogel fiber was characterized by
attenuated total reflectance Fourier transform infrared spectros-
copy (ATR-FTIR, Nicolet 6700, Thermo Fisher, USA. Wavenumber
range from 4000 to 600 cm�1) and X-ray diffraction (XRD, D/max-
2550 PC, Rigaku, Japan). The as-prepared fibers were soaked in pure
C1.2P70 1.27 70 28.73
C4P0 4 0 96
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water for 24 h to remove impurities and then lyophilizated for ATR-
FTIR and XRD measurements. The image of CNC nanoparticle was
taken by transmission electron microscope (TEM, JEOL 2100) and
field emission scanning electron microscopy (FE-SEM, S4800,
Hitachi, Japan). Surface structure of fibers was characterized by
scanning electron microscopy (SEM, JSM-5600LV, Nippon-optical,
Japan). The morphology of cross-section of fiber was observed by
field emission SEM (FE-SEM, S4800, Hitachi, Japan). Diameters and
mechanical property of as-prepared fibers were measured by op-
tical microscopy (VHM2600, VIHENT, China) and monofilament
tensile testing machine (YG004, Changzhou Dahua Electronic In-
strument Co. Ltd, China), respectively. The mean values of 10 fibers
were reported. Water retention of the fiber was detected by the
Karl-Fischer coulomb titration system (MA-1, BENON, China).
3. Results and discussion

3.1. Rheology of pre-gel dispersions

Previously, we have confirmed that the proper viscoelasticity of
PEGDA is crucial for the DCS operation to maintain the filament-
shape oligomer phase after extrusion into the water bath [26]. In
this study, comparing with the neat PEGDA aqueous solution, large
amount of hydrogen bond was formed (Fig. 1) between the hy-
droxyl groups on CNC and the carbonyl groups on PEGDA. In order
to quantitatively analysis the influence of hydrogen bond on vis-
cosity of the CNC/PEGDA dispersion, rheological characterization
was carried out and the results are shown in Fig. 2.

Transformation of storage modulus (G0) and loss modulus (G00)
during the frequency-dependent oscillatory rheological measure-
ment were utilized to examine the stability change of material in
sol-gel transition process. Typically, G0 above G00 means that the
elasticity is dominant, which implies the gelation process is pre-
vailing. In contrast, G00 above G0 represents a viscosity dominated
solution-like material. In Fig. 2a, for the C0P70 sample, the G0 was
lower than G00 in the whole frequency range (0.1e100 rad s�1),
which indicates a typical solution behavior. By contrast, neat CNC
dispersion (C4P0) showed a typical gel-like property (G0 above G00),
where both G0 and G00 remained about constant in the whole fre-
quency range (0.1e100 rad s�1). This may be because that the
Fig. 1. Chemical structure and schematic illustration of the interaction bet
network of neat CNC dispersion was formed by particle in-
teractions, which confined the spatial movement of CNC under
oscillation. However, the mixture showed a different behavior. The
homogeneous CNC/PEGDA pre-gel dispersion (C1.2P70) exhibited
simultaneous increasing of both G0 and G00 values, quite different
than those of neat PEGDA. Interestingly, G0 increased faster than G00,
indicating the gelation tendency of CNC/PEGDA dispersion because
of the non-covalent interaction between CNC and PEGDA.
Comparing with neat PEGDA, the CNC/PEGDA dispersion displayed
reduced frequency dependence of G0 and G00 in the low frequency
range, implying the transition from solution-like to gel-like visco-
elastic property [39].

The loss factor (tand ¼ G”/G0) represents the ratio of lost energy
to storage energy during deformation. Comparing with the neat
PEGDA oligomer solution, quantity of tand (Fig. 2b) of C1.2P70 is
much lower, which confirms that the addition of CNC resulted in
the increasing of elastic property more obviously than viscous
property. Further, tan d of C1.2P70 became nearly stable and almost
independent of frequency as the neat CNC dispersion (its tand is
nearly independent with frequency, especially at a low frequency
range). These results confirmed the occurrence of sol-gel transition
in CNC/PEGDA dispersion. Furthermore, the observation of a tand
value of about 0.1 and its low frequency dependence indicates that
the system is a weak gel, which has been observed in different
systems [34,35].

The addition of CNC can clearly control the gelation process of
PEGDA oligomer solution. The obvious effect of the gelation ten-
dency in CNC/PEGDA dispersion is the viscosity increase that would
be disadvantageous for spinning [36]. This is because high viscosity
would restrict the motion and orientation of molecular chain under
drawing during spinning. Moreover, high viscosity would also lead
to extrusion swelling at the nozzle, which is one of the main
challenges in fiber fracturing during spinning. To fine tune the
spinnability of the CNC/PEGDA pre-gel dispersion, which was also
characterized by the steady shear measurement. In Fig. 2c, it was
found that the linear correlation between the shear rate ( _g) and
shear stress (t) of the neat PEGDA solution (C0P70) indicated a
Newtonian fluid behavior because the PEGDA oligomer is a low
molecule weight compound. In contrast, the CNC/PEGDA pre-gel
dispersion exhibited the non-Newtonian behavior having a power
ween cellulose nanocrystals (CNC) and PEGDA in aqueous dispersion.



Fig. 2. Rheological property of the CNC/PEGDA dispersion. (a) Frequency dependence of the storage modulus (G0) and loss modulus (G00) of neat CNC, PEGDA and CNC/PEGDA
dispersions. (b) Frequency dependence of the loss factor (tand) of neat CNC, PEGDA and CNC/PEGDA dispersion. (c) Shear rate dependence of shear stress and (d) viscosity as a
function of CNC content for CNC/PEGDA dispersion. (e) CNC content dependence of initial and sheared viscosity. (f) Viscosity change of the dispersion after shear (dyed by
methylene blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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law relationship [37]:

t ¼ K _gn

This equation is the classical relationship between shear rate
and shear stress for pseudo-plastic fluid, where K is the consistency
index and n is the non-Newtonian index.

Typically, polymer solution with chains larger than the entan-
glement molecular weight would behave as a pseudo-plastic fluid
because of the chain entanglement. However, in CNC/PEGDA
dispersion, although the PEGDA chain length is below the entan-
glement molecular weight, the long aspect ratio of CNC (the mean
fiber diameter of CNC was 9.0 ± 2.6 nm and the mean fiber length
was 215.6 ± 24.9 nm, Fig S1 shows.) and interaction of CNC/PEGDA
can provide a different means to gel the suspension. The addition of
CNC can form a network structure in the CNC/PEGDA dispersion
with rheological property similar to polymer solution. It was
interesting to find that the non-Newtonian index n was a negative
value, and was a function of the CNC content. The increasing CNC
content (i.e., 0.3, 0.6, 0.9, 1.2 wt%) led to decreasing n value (0.9054,
0.8361, 0.7477, 0.6206, respectively). The trend of the n change
indicates the transition from the Newtonian to pseudo-plastic
liquid behavior of the CNC/PEGDA dispersion, where the increase
in the CNC content led to dominant pseudo-plastic liquid behavior
[38].

The viscosity of the CNC/PEGDA dispersion with different CNC
content is shown in Fig. 2d. It was found that the viscosity of neat
PEGDA was independent of the shear rate, whereas all CNC/PEGDA
dispersions exhibited notable shear thinning behavior. In polymer
solutions, the shear thinning behavior can be attributed to the
disentanglement and orientation of polymer chains under flow.
However, shear thinning in CNC/PEGDA is mainly caused by the
collapse of weak-gel network formed by CNC particles and PEGDA
oligomer. This behavior has been reported in the systems of
nanocomposite suspension [11,39]. In was interesting to note that
the CNC content was linearly correlatedwith the initial viscosity (or
approximate zero-shear viscosity) with a positive slope (Fig. 2e).
This finding is consistent with the notion that the rheological
property of the CNC/PEGDA dispersion was mainly dependent on
the particle interactions of CNC. However, when the shear rate was
increased to 1000 s�1, the viscosities of the dispersions with
different CNC contents became nearly identical, and this value was
similar with the viscosity of neat PEGDA. This suggests that the
network structure of CNC particles was completely destroyed, and
the viscosity was mainly dominated by the oligomer content.

To maintain good spinning stability, an appropriate viscosity



K. Hou et al. / Polymer 123 (2017) 55e64 59
range of the nanocomposite dispersion is essential for the extrusion
and stretching operations. For example, suspension with low vis-
cosity could not sustain the drawing force and lead to fracture,
while suspension with very high viscosity could not be extruded
easily. Therefore, adjusting the suspension viscosity to a proper
range is an important step to reach continuous spinning. Typically,
the viscosity (h) of the Newtonian fluid passing through a capillary
can be adjusted by shear rate ( _g), which can be expressed by the
following equation:

_g ¼ 4Q
pr3

where Q is the volume flow rate and r is the inner radius of the
capillary. For a non-Newtonian fluid, this equation can be modified
as follow:

_g* ¼ 3nþ 1
4n

_g

_g* is the shear rate of the pseudo-plastic liquid flowing through a
capillary, n is the non-Newtonian index. Therefore, this result
provides us an effective way to control the viscosity of the CNC/
PEGDA dispersion suitable for spinning by adjusting the nozzle
diameter and extrusion rate. The viscosity of CNC/PEGDA disper-
sion under different spinning condition was calculated, and the
results are shown in Table S1. The viscosity change of the dispersion
after the CNC addition can be illustrated in Fig. 2f. It was seen that in
the presence of CNC, a transition from solution state to a gel-like
state occurred, where the flowability of the CNC/PEGDA disper-
sion dramatically reduced. However, the CNC particulate network
could be easily broken under shear, where the viscosity of the CNC/
PEGDA dispersion was deceased by shear.
3.2. Fabrication and morphology of hydrogel fibers

Dynamic-crosslinking-spinning (DCS) technology we estab-
lished before has been shown as an effective method to produce
hydrogel fiber using Newtonian fluid (PEGDA). Now we further
demonstrated that CNC/PEGDA nanocomposite hydrogel fiber
could also be fabricated by the DCS method using nanocomposite
dispersion with gelation tendency.

As Fig. 3 illustrates, in brief, the shear force in the extrusion
process could reduce the viscosity of the CNC/PEGDA dispersion in
the gel state. As a result, a filament-shape CNC/PEGDA fluid phase
was formed after extruded into water due to the proper visco-
elasticity of CNC/PEGDA dispersion. Instantaneous photo-
polymerization was triggered by UV irradiation on the fluid phase,
which was rapidly solidified into a hydrogel filament. With the
dynamic extrusion approach, the filament-shape CNC/PEGDA
hydrogel could be collected continuously out of water by a roller. In
this approach, it is important that the UV light irradiated on the
downstream of extruded dispersion, not at the nozzle, to maintain
the fluidity of filament-shape phase. Themain reason for this step is
that, comparing with the solidified hydrogel fiber, the fluid phase
has better deformability to release the tension generated by the
drawing force to ensure the continuity of spinning.

The morphologies of the surface and cross-section of the
hydrogel fiber are shown in Fig. 4 using scanning electron micro-
scopy (SEM). In Figs. 4a1, it was seen that the fiber alignment was
regular and the fiber diameter was also uniform, confirming the
stability of DCS method for producing large scale nanocomposite
CNC/PEGDA hydrogel fiber. Fig. 4a2 & 4a3 illustrate the surface
morphology of CNC/PEGDA hydrogel fiber with different magnifi-
cations. The rough wrinkle on the surface could be attributed to the
collapse of the internal pores, caused by lyophilization that was
common in the PEG-based hydrogel [20].

The morphology of cross-section of fibers is illustrated in Fig. 4b
with different magnifications. Different from the fiber produced by
traditional wet spinning, of which the fiber-forming is driven by
double diffusion of solvents (i.e., different solvents in the spinning
solution and coagulating bath, where they mutually diffuse into
each other to induce the polymer coagulation), which always
generates irregular cross-section shape [17]. As for our DCSmethod,
no double diffusion occurred because the solvent of dispersion and
coagulating bath was water. Moreover, photopolymerizationwas so
rapid that the cylindrical shape of extruded dispersion could be
maintained after solidification. As the network of solidified
hydrogel fiber had poor deformability under drawing force, the
hydrogel fiber spun by DCS possessed regular round cross-section
resembled the shape of cylindrical nozzle. The higher resolution
cross-section image in Figs. 4b3 indicated that the distribution of
CNC in the hydrogel fiber was homogeneous, suggesting that both
shear stress and drawing force did not affect the distribution of
CNC, which was beneficial for the mechanical property enhance-
ment of hydrogel fibers. The above results confirmed that non-
covalent cross-linked CNC/PEGDA dispersion could be utilized in
to produce continuous and uniform hydrogel fiber by the versatile
DCS method suitable for one-component or multi-component
solution.

Fig. 5a displays the XRD patterns profiles of CNC powder and
CNC/PEGDA hydrogel fiber, respectively. As for the CNC powder, a
series of diffraction peaks at 14.9�, 16.3�, 22.7� and 34.4�, charac-
teristic of the 101, 1010, 002 and 040 crystalline planes of CNC, were
observed [40]. The XRD pattern for CNC/PEGDA hydrogel fiber was
found to be dramatically affected by the presence of PEGDA, where
only a single broad peak, ranging from 10� to 35�, characteristic of
the disordered microstructure of the amorphous domain, was seen.
This observation could be explained by the small content of CNC in
the fiber and the large exfoliation of nanoparticles [39,41].

The FTIR spectroscopy results are shown in Fig. 5b. As for neat
CNC, the characteristic peaks at 3332 cm�1 and 667 cm�1 repre-
sented the hydrogen bonded stretching of -OH and C-OH out of
plane bending, respectively, whereas peak at 2899 cm�1 could be
assigned as the C-H stretching, peak at 1429 cm�1 was H-C-H and
O-C-H in-plane bending vibration [40]. As for PEGDA oligomer, the
characteristic peaks at 1636 cm�1 and 986 cm�1 represented the
stretching vibration of C¼C of acrylate, absorption band at
1110 cm�1 and 1725 cm�1 was attributed to the stretching vibration
of C-O-C and C¼O, respectively [42]. As for CNC/PEGDA hydrogel
fiber, the disappearance of peaks at 1636 cm�1 and 986 cm�1

indicated that polymerization occurred between the C¼C double
bond of PEGDA. The characteristic peaks of CNC at 3344 cm�1 and
669 cm�1 suggested that CNC composed into the hydrogel matrix
homogeneously.

3.3. Diameter control of hydrogel fibers

In our earlier study, we showed that the primary advantage of
DCSmethod is the precision control of hydrogel fiber diameter [26].
In specific, the cross-sectional area could be linearly correlatedwith
the oligomer concentration, extrusion rate and winding speed by
this approach, where these relationships have been summarized
for hydrogel fiber spun from a Newtonian fluid (i.e., neat PEGDA
solution). In the current study, in order to investigate the influence
of CNC addition on the fiber diameter, groups of hydrogel fibers
under different CNC content, winding speed and nozzle diameter
conditions were fabricated and the correlations of these parame-
ters on fiber diameter were carefully analyzed. The results are
summarized in Fig. 6 and Table S2.



Fig. 3. Schematic illustration of the dynamic-crosslinking-spinning. Enlarged schematic shows the polymerization process under drawing force.

Fig. 4. SEM images of a surface and cross-section morphology of CNC/PEGDA hydrogel fibers in different magnifications.

Fig. 5. (a) XRD patterns and (b) FTIR spectra of neat CNC, PEGDA and CNC/PEGDA fibers.
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The results indicated that the fiber diameter was scarcely
affected by the CNC content under different winding speed condi-
tion (Fig. 6a). In addition, under the same shear conditions
(extrusion rate ¼ 3.5 ml/h, nozzle diameter ¼ 260 mm), the
dispersion viscosity of different CNC content was nearly identical
(~10�2 pa$s, as in Table S1), indicating the similar fluidity of
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different dispersions. Thus, comparing with the ratio of PEGDA in
fiber matrix, we concluded that the tiny content of CNC was not
able to influence the macroscopic dimension of the fiber.

In one study, the diameter of nanocomposite hydrogel fiber was
found to be merely controlled by the nozzle size in 3D printing [11].
However, this was not the case here. For the DCS method, diameter
was not affected by the nozzle diameter under the same extrusion
and winding conditions as shown in Fig. 6b. The main reason for
this observation is that, the viscosity of dispersion extruded from
different nozzle were only changed from 0.069 to 0.130 pa$s
(Table S1). This tinny difference was not able to influence the
fluidity of dispersion, where the amount of dispersion extruded in
unit time was about identical. As a result, the diameter of fiber was
nearly similar. However, under the same shear condition, we
observed that the fiber diameter was influenced by the winding
speed according to a power function, which was consist with the
relationship we found in neat PEGDA fiber [26]. The above result
confirmed that, in order to reduce the influence of CNC addition on
the fiber diameter, the viscosity of CNC/PEGDA dispersions with
different CNC content could be adjusted to a nearly identical level
as the neat PEGDA solution by controlling the extrusion conditions.
In this case, the regulating of diameter controlling could become
the same as that to produce neat PEGDA fiber.
3.4. Water retention of hydrogel fibers

Hydrogel has been considered as a unique kind of soft material
due to its high water retention property. Comparing with bulk
hydrogel, hydrogel fiber can exhibit rapid water swelling behavior
due to its high surface area/volume ratio (SA:V). In this study, we
systematically investigated the effect of CNC content and spinning
parameters on the water retention property of CNC/PEGDA
hydrogel fiber and the results are shown in Fig. 7.
Fig. 6. Dependence of the diameters of the hydrogel fibers on the
In Fig. 7a, it was found that the water retention values of all as-
prepared fibers were identical, but the retention value decreased by
the increasing CNC content in equilibrium swollen fibers. The latter
could be explained by the interactions of CNC particles, which
formed a physical cross-linked network and thus a denser hydrogel
fiber. This compact structure could also be seen by the surface
morphology, where the surface roughness could be indicative of
the network compactness. It other words, the loose network
structure could result in a rougher surface after lyophilization. In
Fig S2a, it was seen that the surface became smoother with the
increasing in CNC content, indicating the formation of more
compact structure formed by the CNC addition and the decreasing
tendency of water retention property.

The influence of the winding speed on the water retention
property was also investigated and the results are show in Fig. 7b.
In this figure, the water retention value was found to be positively
correlated with the winding speed. One possible reason is that, the
increase in drawing force might cause the collapse of the CNC
network, which would be beneficial for improving the water
retention property. In addition, the exposure time of the fiber for-
mation under UV irradiation became shorter with the increasing in
winding speed, which would reduce the degree of PEGDA poly-
merization. This would also lead to the increased water retention.
The decrease in the crosslink density or the compactness of the
fiber by increasing the winding speed was also confirmed by the
surface morphology in Fig S2b, of which the surface became
rougher with winding speed. Finally, the water retention property
of the fiber was found to be independent of nozzle diameter, which
was explained earlier. The above results confirmed that the water
retention property of CNC/PEGDA hydrogel fiber was closely related
to the physical cross-linked structure of CNC particles which could
be regulated by the CNC content and winding speed.
(a) CNC content, (b) nozzle diameter and (c) winding speed.



Fig. 7. Dependence of the water retention of the hydrogel fibers on the (a) CNC content and (b) winding speed and (c) nozzle diameter.

Fig. 8. Mechanical property of CNC/PEGDA hydrogel fibers. Dependence of CNC content on (a) Stressestrain curves of fiber; (b) breaking strength, (c) breaking elongation and (d)
young's modulus.
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3.5. Mechanical properties of hydrogel fibers

The mechanical properties of CNC/PEGDA fibers with different
CNC content are depicted in Fig. 8, which illustrates the breaking
elongation (%), breaking strength (KPa) and Young's modulus (KPa),
respectively. These results indicated that with the addition of CNC
in a relatively small range (0e0.96 wt%), the breaking strength of
fiber was improved from 5506 KPa to 6754 KPa, which was
consistent the nanoparticle-reinforced property in nanocomposite
hydrogel [43]. However, the addition of higher CNC content
(1.27 wt%) was found to negatively affect the breaking strength
because of the stress-defect point formed by excessive CNC in the
fiber matrix that is normally seen nanocomposite fiber [44].
Furthermore, the breaking elongation was negatively correlated
with the CNC content because the higher CNC ratio enhanced the
crosslinking density that restricted the deformation of hydrogel
fiber under tension. The increasing tendency of Young's modulus by
the CNC addition could be attributed by the rigidity of the CNC
particle, which has beenwidely utilized as reinforcing filler [45,46].

4. Conclusions

In summary, in order to realize the large-scale production of
nanocomposite hydrogel microfibers by non-template dynamic-
crosslinking-spinning (DCS) method, systematic rheological
investigation of CNC/PEGDA dispersion was carried out. The gela-
tion tendency of the CNC/PEGDA dispersion was generated due to
the CNC particle interactions and hydrogen bond formation be-
tween CNC and PEGDA. The gelation process is sensitive to the
shear force because the CNC/PEGDA dispersion possess the shear
thinning behavior. Under the proper extrusion conditions, contin-
uous and uniform CNC/PEGDA hydrogel fibers were successfully
fabricated by the DCS method. The diameter and water retention of
the hydrogel fibers could be precisely controlled by the CNC content
and spinning parameters. Finally, the mechanical property of CNC/
PEGDA was found to increase by the addition of CNC. The demon-
strated nanocomposite hydrogel fibers could be lead to a new class
of useful materials for a broad range of biomedical applications.
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