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Large Scale Production of Continuous Hydrogel
Fibers with Anisotropic Swelling Behavior
by Dynamic-Crosslinking-Spinning

Kai Hou, Huiyi Wang, Yunyin Lin, Shaohua Chen, Shengyuan Yang,
Yanhua Cheng, Benjamin S. Hsiao, Meifang Zhu*

Hydrogel microfibers have been considered as a potential biomaterial to spatiotemporally
biomimic 1D native tissues such as nerves and muscles which are always assembled hierarchi-
cally and have anisotropic response to external stimuli. To produce facile hydrogel microfibers
in a mathematical manner, a novel dynamic-crosslinking-spinning (DCS) method is demon-
strated for direct fabrication of size-controllable fibers from poly(ethylene glycol diacrylate)
oligomer in large scale, without microfluidic template and in a biofriendly environment. The
diameter of fibers can be precisely controlled by adjusting the spinning parameters. Aniso-
tropic swelling property is also dependent on inhomogeneous structure generated in spinning
process. Comparing with bulk hydrogels, the resulting fibers exhibit superior rapid water
adsorption property, which can be attributed to the large surface area/volume ratio of fiber.
This novel DCS method is one-step tech-
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of anisotropic hydrogel fibers which has a = wwes
promising application in the area such as %y*%
biomaterials.

. Solution
SectA 1Y

maintaining body functions.) In recent years, various
fibrous biomaterials, including nanofibers,®! fibrous com-

1. Introduction

Tissues are mostly formed with hierarchical structures to
enable specific functions in vivo. In human body, many
types of fibrous tissues such as blood vessel!] muscle
cells,” and nerves,®! are playing important roles in
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posites,[®l and fiber mats,[”] have been engineered to mimic
the hierarchical structures of fibrous tissues biologically.
Hydrogel is a common biomaterial due to its high water
retention property, easy to be functionalized, pore size
controllable, and stimuli-responsive property, etc.l®l where
hydrogel microfibers have become an important class of
hydrogel materials for cell scaffolds and artificial tissues
due to the following reasons. First, hydrogel microfibers
have suitable size to mimic the microscale fibrous struc-
ture of tissues such as nerve cells (10! um)®! and muscle
fibers (=10'-10% pm).*% Second, complex native tissues
are always assembled from low dimension materials to
complicated structural arrangement hierarchically.4' In
other words, fiber-shaped materials can be utilized in the
reconstruction of specific 3D structures which are neces-
sary for tissue remodeling. Third, the surface area/volume
ratio (SA:V) of hydrogel fibers is inherently large so that
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these materials can promote the nutrients transportation
and spatial distribution of cells.!*2]

Several techniques have been established to fabricate
hydrogel microfibers, including electrospinning, extru-
sion, ink-jet printing, wet spinning, and microfluidic
template. Electrospinning has been adopted as a popular
method to fabricate hydrogel fibers.['*l However, it merely
produces nonwoven fiber mats and the residual organic
solvents are always incompatible with bioenvironment.
Extrusion is one of the most common methods,2?] but
it is not suitable when the highly cross-linked polymers
are used as the raw materials. Ink-jet printing can fabri-
cate complex and delicate patterns but the instruments
utilized during the fabricating process are complex.[**]
Wet spinning is one of the most convenient methods to
produce large scale hydrogel fibers from naturall**! and
syntheticl'®l polymers. However, the polymers suitable
for wet spinning are required to have appropriate struc-
ture and molecular weight. What is more, fibers fabri-
cated from natural materials, such as calcium alginate,
have been proved unstable in vivo due to its tendency
to dissolve in typical ionic conditions of human body.”]
Additionally, the solvents utilized to produce chemical
fibers through wet spinning are usually toxic and not
biocomfortable. Recently, coaxial based microfluidic
technique has been demonstrated to fabricate hydrogel
microfibers with specific size and shapes.['8! For example,
polymers like poly(lactic-co-glycolic acid) (PLGA)1*?! and
alginatel®®! have been used to fabricate hydrogel fibers
via microfluidic technique successfully, where oligomers
and monomers are also applicable.’?! During the fabrica-
tion process, gelation of hydrogel fibers occurred inside
the microfluidic channels, where the gelation rate could
be regulated by controlling solidification conditions that
was vital for the continuous production of fibers in a
multiphase coaxial flow. But this method was difficult to
produce uniform fibers in large-scale conveniently due to
the complex structure of microfluidic template.

Suitable fibrous biomaterials must have a fibrous shape
and anisotropic property to mimic nature tissues with
anisotropic response to external stimuli such as muscle
contraction or neural signaling.[#2] However, anisotropic
hydrogel fibers were hardly fabricated and the structure
was mainly based on asymmetric structure such as mul-
tilayers via microfluidic templates technique.?'l Here, a
simplified approach has been demonstrated to produce
hydrogel microfibers with anisotropic property on a
large scale. In specific, we developed a novel dynamic-
crosslinking-spinning (DCS) method for facile fabrication
of size-controllable hydrogel fibers from poly(ethylene
glycol diacrylate) (PEGDA) oligomer without any micro-
fluidic template. The diameter of fibers can be precisely
controlled by spinning parameters. Interestingly, the
resulting fibers exhibited anisotropic swelling behavior
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which might be dependent on the inhomogeneous struc-
ture generated by drawing force in spinning process. This
anisotropic swelling behavior and high water retention
property were both related with the spinning conditions.
We also demonstrated that, compared with bulk hydro-
gels, the obtained hydrogel fibers exhibited superior and
rapid water adsorption properties which are due to the
large surface area/volume ratio of fiber. In summary, the
novel DCS technology can provide a one-step method for
large-scale production of anisotropic hydrogel fibers that
can be used in a wide range of biomedical applications.

2. Experimental Section

2.1. Materials

PEGDA (M, = 700) and photoinitiator 2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (IRGACURE 2959, 12959,
98%) were purchased from Sigma-Aldrich. CDCl; was purchased
from J&K Scientific Ltd. Karl-Fisher solution (pyridine-free) was
obtained from Sinopharm Chemical Reagent Co., Ltd. Deionized
water was supplied by a water purification system (Heal Force
Bio-Meditech Holdings Ltd).

2.2. Fabrication of PEGDA Hydrogel Fibers

A mixture of 12959 and PEGDA (12959:PEGDA = 5:1000, wt%) was
dissolved in deionized water to produce different concentrations
of solutions under continuous magnetic stirring in the dark.
These solutions were subsequently utilized for DCS.

In a typical process, the spinning solution was extruded into
a water bath by a metering pump (KDS100, KD Scientific, USA).
And the photopolymerization of the extruded flow was initi-
ated under water by mercury lamp UV irradiation (51500, EXFO,
Canada, A = 360 nm, 2.77 W cm™2) which resulted in a contin-
uous hydrogel fiber. A custom-built fiber collection system with
adjustable winding speed of 0-1000 m h! applied drawing force
to reduce the diameter of fibers. The fiber was collected on a
plastic roller outside the bath.

Bulk hydrogels were also prepared as a control and photopo-
lymerized in a 50 mm (long) x 6 mm (diameter) cylindrical glass
tube from the same solutions as hydrogel fibers.

2.3. Characterization of Hydrogel Fibers

The rheology of the spinning solutions was determined by a rota-
tional rheometer (50 mm plate mode, ARES, TA, USA). 13C NMR
spectra were recorded on a NMR spectrometer (Bruker Avance-
400 MHz, Swiss). Fourier transform infrared (FTIR) spectra were
obtained by a Fourier transform infrared spectrophotometer
(Nicolet 6700, Thermo Fisher, USA, wavenumber ranged from
4000 to 600 cm™). The as-prepared hydrogel fibers were soaked
in pure water for 24 h in order to remove impurities and then
lyophilizated for solid state NMR and FTIR spectra detection.
In addition, PEGDA oligomer was dissolved in CDCl; for liquid
NMR characterization. The morphology of hydrogel fibers was
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observed by scanning electron microscopy (SEM, JSM-5600LV,
Nippon-Optical, Japan) and stereoscopic microscopy (SMZ745T,
Nikon, Japan). Diameters of the fibers were measured by optical
microscopy (VHM2600, VIHENT, China), and the mean values of
ten fibers were reported.

Water retention (WR) of fibers was detected by a Karl-Fischer
coulomb titration system (MA-1, BENON, China), which was a
traditional method for moisture detection of microsize gel.?2] WR
of bulk hydrogels was calculated by the equation below

W, -W,

WR= W,

X100% (1)
where W, was the real-time weight of hydrogel, Wy was the dry
weight of as-prepared hydrogel.

Dimensional swelling ratio on transverse direction (DSRy) and
longitudinal direction (DSR;) were, respectively, calculated by the
following equations(*4l

d, —d
DSR, = Sd ° X100% (2)

]

I‘s - I‘o
DSR, = 7 X 100% (3)

‘0

where d; and L; were the dimension of equilibrium swollen
hydrogels or fibers on transverse and longitudinal direction,
respectively, d, and L, were the dimensions of as-prepared
hydrogels or fibers on transverse and longitudinal direction,
respectively.

3. Results and Discussion

3.1. Fabrication and Morphology of Hydrogel Fibers

The schematic illustration of DCS is shown in Figure 1A;.
In this process, the PEGDA solution did not dissolve imme-
diately when extruded into water (Figure 1A, Sect. A), but
formed a fiber-shape aggregate due to the viscoelasticity
of the PEGDA solution (Figure S1, Supporting Information).
This PEGDA phase could not be drawn and collected as a
fiber which was due to that the molecular chain of PEGDA
monomer is short and interaction among monomers is
weak. In order to make the monomer rapidly polymer-
ized, which is important to form cross-linked structure
and maintain the fiber shape during extrusion instantane-
ously, the UV irradiation was utilized because the photopo-
lymerization process can complete in less than 1 s.['82] As
a result, the PEGDA monomer phase was solidified and a
continuous fiber could be formed along with the extrusion
of the solution dynamically (Figure 1A, Sect. C). Meanwhile,
a roller was used for fiber collection and provided the
drawing force to reduce the fiber diameter. We observed
that the drawing region (Figure 1A; Sect. B) took place
before the UV irradiation point, which was due to the fact
that the formed cross-linked structure (Figure 1A; Sect. C)
limits the hydrogel network deformation.”?! In contrast,
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the oligomer solution stream (Figure 1A, Sect. B) had better
flowability, so that could be drawn thinner.

13C NMR and FTIR spectra were performed to deter-
mine the degree of polymerization after the dynamical
cross-linking process.?4l The 3C NMR spectra result
(Figure S2A, Supporting Information) showed that the
polymerization occurred between C=C double bond. How-
ever, as the FTIR spectra show (Figure S2B, Supporting
Information), there were residual acrylate groups after
polymerization. Comparing with in situ polymerization,
the drawing force in DCS process as dynamic fluctuations
may cause the distance among oligomer becoming larger
in the process of cross-linking, which results in isolated
acrylate groups and nonuniform structure of fiber after
polymerization.[26!

Fiber could be continuously and regularly collected by a
roller on a large scale as Figure 1A, illustrates. The solution
was dyed for clarity by adding 2 wt% methylene blue.
The dimensional homogeneity and surface morphology
of hydrogel fibers are shown in Figure 1B by scanning
electron microscope. Figure 1B, illustrates the alignment of
fiber yarns. The diameter of fibers was uniform which con-
firmed that this nontemplate method can fabric hydrogel
fiber uniformly and steadily. Figure 1B,,B; shows surface
morphology of fiber in different magnifications. The
wrinkle was observed on the surface of fiber which was
attributed to the internal pore collapse caused by lyophili-
zation.'?) In addition, woven structure can be obtained by
a traditional warp—weft knitting technology on a manual
device. As Figure 1C; illustrates, nylon fibers were set
as warp, and hydrogel fibers weft was shuttled through
warp which were separated by raising and heddles repeat-
edly. Figure 4C,,C; is the photo and SEM image of the 2D
hydrogel fabric, respectively. The arrangement of hydrogel
weft is orderly and compact to ensure that the woven struc-
ture is stable. This woven structure suggests that hydrogel
fibers have the potential on the multiscale structure recon-
struction to expand the applications of this material.

The results confirmed that uniform and continuous
hydrogel fibers could be obtained through this novel non-
template DCS method by using low molecular weight
oligomer as raw materials. Moreover, the drawing force
in the DCS method was not only for fiber collection, but
could also be used to control the diameter of fibers which
will be discussed next.

3.2. Diameter Control of Hydrogel Fibers

Groups of hydrogel fibers under different concentra-
tions (Cpggpa), extrusion rate (E;), and winding speed (V)
conditions were prepared and then the relationships
between the fiber diameter and processing parameters
were analyzed. The results are summarized in Figure 2. It
reveals that the square of diameter (d?) of hydrogel fibers
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Figure 1. Fabrication of hydrogel fibers. A,) Schematic illustration of the dynamic-crosslinking-spinning. Enlarged schematic shows the
polymerization process under drawing force. Insert is the photo of enlarged schematic (dyed by Rhodamine B). A,) Photos of hydrogel fibers
(dyed by methylene blue) on a plastic roll. B,~B;) SEM images of a bundle of the hydrogel fibers in different magnifications. C,—C;) Woven
schematic illustration of fibers and images of the hydrogel textile (nylon as warp and hydrogel fiber as weft).

was almost linearly influenced by Cpggps (Figure 2A), E,
(Figure 2B), and 1/V,, (Figure 2C). An experimental rela-
tionship could be deduced as below

d? o< Cpgopa X B, 1V, (4)

In addition, a deformation relationship could be obtained
below by introducing a constant n and a variant t (spin-
ning time)

(d4”JXVth°CCPEGDAXErXt (5)
where [d ”)x V., xt represents the total volume of fibers

collected, and Cpegpa X E, Xt is the total amount of PEGDA
oligomer extruded. This indicates that the volume of
fibers collected is linearly influenced by the total amount
of PEGDA oligomer extruded. Comparing with the micro-
fluidic template method, the demonstrated DCS method
is an effective nontemplate technique which could
produce fibers with precisely controlled size by adjusting
the spinning conditions. In addition, this DCS process was
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accompanied with simultaneous swelling behavior which
will be discussed next.

3.3. Swelling Behavior of Hydrogel Fibers

In order to investigate the swelling behavior that
occurred in the DCS process, WR of as-prepared fibers
was detected and the results are shown in Figure 3A. It
indicates that there is an intersection point between
the water retention of solutions (WRg) and that of as-
prepared fibers (WRy). The WR; was linearly influenced
by the concentration of spinning solution (Cpggp,). Before
Cpegpa reached the point, WR; was lower than WRs. The
possible reason is that, when Cpggpa was low, the space
among neighboring oligomer was large which shrank
after photopolymerization because of the formed cova-
lent bond shortened distance between two oligomers.[?]
As a result, water was squeezed out of the polymer
matrix in the spinning process. Reversely, when Cpggpa
was higher than the concentration at this point, water
was more likely to diffuse into the polymer matrix due
to the concentration gradient, and this difference value
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the A) concentration of the spinning solution (Cpegpa), B) the

I Figure 2. Dependence of the diameters of the hyrogel fibers on
extrusion rate (F,), and C) winding speed (V,,).

became larger when Cpggp, increased. Moreover, the gap
between water retention of equilibrium swollen fibers
(WR.) and as-prepared fibers (WRy) increased when Cpggpa
became higher. In addition, the influence of the winding
speed (V,,) on WR; was also investigated. As Figure 3B
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shows, the WR; was almost not affected by the increased
Vi This result indicates that swelling behavior occurred
in the DCS process synchronously and WR¢ was only
affected by Cppgpa. One possible explanation is that the
formed cross-linked structure has lower deformation
ability which limited water to be squeezed out of fibers
matrix under the drawing force applied. In specific, the
WR. was logarithmically influenced by V. It is conceiv-
able that the increasing drawing force applied on PEGDA
stream (Figure 1A Sect. B) may cause the disentangle-
ment among PEGDA chains. With the increasing of the
drawing force, the distance among PEGDA oligomers
became larger which resulted in larger space among
the cross-linking points and finally caused higher WR,
of hydrogel fibers. However, the precise reason is under
investigation.

Figure 3C shows the water retention curves of the
hydrogel fibers. In comparison, the water retention of
bulk hydrogel was also determined under the same con-
ditions as control and the result is shown in Figure S3
(Supporting Information). It is noted that the hydrogel
fibers exhibited faster water adsorption than the bulk
hydrogels. The time to reach the equilibrium swelling for
hydrogel fibers was in 20 s, almost 3600 times faster than
that of bulk hydrogels because the SA:V of 1D material
is much larger than that of 3D material.l'%?] The rapid
water absorption rate and excellent overall property of
hydrogel fibers are very important for the nutrient diffu-
sion in tissue as biomaterials.

Finally, we found that the fibers produced by DCS
process exhibited anisotropic swelling behavior. Different
from bulk hydrogels, whose dimensional swelling ratios
on the transverse direction (DSR7) and longitudinal direc-
tion (DSR;) are nearly identical (Figure S4, Supporting
Information), DSRy is much large than DSR; (Figure 4A) for

hydrogel fibers. The relationships between 1[)).;? and the
L

spinning parameters were also investigated. Figure 4B
shows that DSR; decreased with the reduction of con-
centration (Cpggpa), Where DSR; exhibited two stages of
changes when Cpggpy increased, i.e., DSR; increased first

DSR
and decreased subsequently. As a result, L showed

DSR;
a parabola trend with the increase of Cpggpa (inset of

Figure 4B). In addition, we found that the faster winding
speed (V) could lead to decreases of DSR; and DSR;

simultaneously (Figure 4C), but V,, did not affect the ratio
of DSR;

DSR;,
the homogeneous structure formed in the static poly-

merization process of bulk hydrogels, inhomogeneous
structure is thought to form due to the stable drawing
force in the DCS process which probably resulted in the
unique swelling behavior.[?!l However, the mechanism of
this anisotropic swelling behavior which clearly correlated

obviously (inset of Figure 4C). Comparing with
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Figure 3. Dependence of the water retention (WR) property of the
hydrogel fibers on the A) concentration of the spinning solution
(Cpecpa) and B) winding speed (V,,). C) WR curves of the hydrogel
fibers.

with the spinning parameters is still not known. A more
in-depth study on the formation and evolution of the con-
densed state and cross-linked structure of hydrogel fibers
need to be investigated further.
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Figure 4. Anisotropic swelling behavior of hydrogel fibers.
A) Schematic illustration and photos of anisotropic dimension
swelling ratio (DSR) of hydrogel fibers; Scale bar of DSR; and DSR,
images are 50 um and 5 mm, respectively. Dependence of dimen-
sion swelling ratio of the hydrogel fibers on the B) concentration
of the spinning solution (Cpgcpa) and C) winding speed (V,,).

4. Conclusions

In summary, in order to realize the large-scale production
of hydrogel microfibers, a novel nontemplate DCS method
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has been developed that can fabric continuous and uniform
hydrogel fibers from low molecular weight oligomer PEGDA.
The diameter of the hydrogel fibers can be precisely con-
trolled by the concentration of solution (Cpggpa), extrusion
rate (E;), and winding speed (V,,). The resultant hydrogel
fibers exhibited superior rapid water adsorption property
which can be attributed to their large surface area/volume
ratio. In addition, hydrogel fibers exhibited anisotropic
swelling behavior and outstanding water retention property
that can be controlled by the spinning parameters. These
hydrogel fibers could be further weaved by typical textile
instruments providing us new materials for reconstruction
of hierarchical multistructured devices with considerable
application opportunities in the area such as biomaterials.
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