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ABSTRACT: Polymer fibers with specific chemical and mechanical
properties are key components of many biomaterials used for
regenerative medicine and drug delivery. Here, we develop a
bioinspired, low-energy process to produce mechanically tunable
biopolymer fibers drawn from aqueous solutions. Hyaluronic acid
(HA) forms dynamic cross-links with branched polyethylene glycol
polymers end-functionalized with boronic acids of varied structure to
produce extensible polymer networks. This dynamic fiber precursor (DFP) is directly drawn by pultrusion into HA fibers that
display high aspect ratios, ranging from 4 to 20 μm in diameter and up to ∼10 m in length. Dynamic rheology measurements of the
DFP and tensile testing of the resulting fibers reveal design considerations to tune the propensity for fiber formation and fiber
mechanical properties, including the effect of polymer structure and concentration on elastic modulus, tensile strength, and ultimate
strain. The materials’ humidity-responsive contractile behavior, a unique property of spider silks rarely observed in synthetic
materials, highlights possibilities for further biomimetic and stimulus-responsive fiber applications. This work demonstrates that
chemical modification of dynamic interactions can be used to tune the mechanical properties of pultrusion-based fibers and their
precursors.

■ INTRODUCTION

Naturally sourced and synthetic polymer fibers are important
structural components in textiles, composite materials, and soft
materials for biomedical applications.1−3 Fibrous structures
provide spatial orientation and porosity needed for cell
migration and transport of air and nutrients, which are critical
for biomaterials such as bandages, implants, and engineered
tissues.4,5 Natural fibers have inspired the development of
biomimetic materials based on engineered and reprocessed
silks that have been widely applied in regenerative medicine
and drug delivery systems.6,7 Showcased by spider and
silkworm silks, macroscopic fibers are produced by Nature
with efficiencies and mechanical properties that remain
unmatched by artificial silk spinning methods.8 Furthermore,
traditional methods for synthetic fiber production also face
challenges in processing and biocompatibility. Polymer fiber
synthesis, particularly for hydrophilic polymers, is often
burdened by high energy costs and limited by the operational
difficulty of extruding viscous polymer solutions.9,10 In well-
established methods such as electrospinning, the reliance on
and removal of potentially toxic organic solvents remain as
challenges.11 Polymers such as polycaprolactone that sacrifice
wettability for mechanical strength are predominantly used,
and redesigning or coating of hydrophobic fibers must be
performed prior to medical application.12

Studies of spider and silkworm silk production suggest that
the pulling force exerted by movement or weight of the animal

may be more crucial for fiber formation than the shear forces
observed in the spinning duct.8 Similar to natural silk spinning,
the fiber formation in this study relies on mechanical
pultrusion from a water-based fluid precursor free of high
voltage, elevated temperature, or organic solvents. Previous
reports of fiber production from aqueous networks and
composites have been shown to occur via self-assembly,
resulting in fibers typically on length scales ranging from
submicrometers to centimeters.13,14 Rare examples of nano-
particle/polymer networks based on physical interactions or
irreversible covalent bonds have been reported to form fibers
by pultrusion.9,15,16 However, fiber pultrusion from aqueous
networks of biopolymers remains limited.9 Furthermore,
developing systems that can be chemically tuned to afford
ranges of mechanical properties characteristic of distinct
biological materials requires further investigation.
Here, we describe an operationally simple, low-energy

method to prepare polymer fibers from aqueous solutions.
Hyaluronic acid (HA) and boronic acid-terminated branched
polymers form networks through dynamic cross-links, resulting
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in fluid, dynamic fiber precursors (DFPs) that can be drawn
into dry, macroscopic fibers meters in length. HA was the
primary focus of this study due to its prevalence in synthetic
biomaterials and in biological systems, such as the extracellular
matrix, and to address challenges in electrospinning protocols
caused by hydrophilicity and high viscosity.10,17,18 By
modifying the chemical substituents and concentration of the
boronic acid-functionalized polymer, structural changes to the
polymers were correlated with effects on the rheological
properties of the DFPs and mechanical properties of the HA
fibers. These structure−property relationships are expected to
facilitate the expansion of this method as a general approach
for the production of bioinspired, mechanically tunable
polymer fibers under low-energy and aqueous conditions.
Fiber pultrusion from DFPs represents an unexplored strategy
toward the manufacturing of biomimetic materials, including
artificial muscles and chemoresponsive sensors.

■ RESULTS AND DISCUSSION
Preparation of DFP Library and Polymer Fibers.

Polymer fibers were fabricated by first preparing bulk DFPs
composed of two polymeric components. Low molecular
weight (5 kDa), 4-arm branched polyethylene glycol polymers
(PEGs) were end-functionalized with phenylboronic acids
(PBAs) and served as dynamic cross-linkers of high molecular
weight HA (Figure 1).19 Previous studies have suggested that

boronic acid complexation has the potential to form dynamic
networks of HA and other polysaccharides, which are common
building blocks of biomaterials due to their natural abundance
and biocompatibility.20−22 A library of five PEG−PBAs was
prepared by varying chemical substitution on the phenyl rings
of the PBA to investigate the effect of chemical structure on
material properties; both electron-withdrawing and -donating
groups were introduced, including fluoro (F), chloro (Cl),
methyl (Me), and methoxy (MeO) substituents, in addition to
the unsubstituted analog (H). Mixing each PEG−PBA
separately with HA in solution under basic conditions led to

formation of a viscous, extensible fluid, the DFP, that could be
easily drawn into dry cylindrical fibers ranging from 4 to 20 μm
in diameter (Figure 2a and 2b).

Attempts to form DFPs without the presence of PBA
functional groups suggest that fiber formation is dependent on
dynamic interactions between the PEG−PBA and HA, which
likely result in covalent cross-links. When the branched PEG
was left unfunctionalized as PEG−OH, unmodified as the
commercially available starting material PEG−NH2, or
terminated with a different functional group such as maleimide
(PEG−MAL), fibers could not be drawn from the fluids
derived from mixing with HA, consistent with boronic acid
complexation being a requirement for fiber formation.
Furthermore, with the ratio of PBA to HA disaccharide repeat
units held constant, changes to the extent of branching in the
PEG polymer did not prohibit fiber formation, and fibers could
be drawn using both 8-arm and linear PEG−PBAs. Solutions
of alginate could be used in place of HA to prepare chemically
distinct DFPs that also yield polymer fibers.21 Production of
fibers containing HA and alginate demonstrates how this
process could serve as a general method for the fabrication of
fibers drawn from dynamic networks of polysaccharides.
The pulling force exerted on the bulk fluid needed for fiber

formation could be achieved manually or with a motorized
pump and likely causes polymer alignment during fiber
formation (Video S1, Supporting Information). Polarized
light microscopy was used to provide insight into the structural
changes resulting from these processing conditions (Figure
2c). When a fiber was oriented ∼45° relative to the polarizer
and analyzer, peak birefringence was observed, whereas at
0°and 90°, birefringence was minimized, suggesting an
anisotropic orientation of polymer chains along the fiber
axis.14,23 Inspired by cargo-loaded hydrogels for drug delivery,
we next attempted to prepare fibers from DFPs formulated
with microparticles to determine if extensibility and the
pultrusion process would be affected.24,25 Fluorescent micro-
particles mixed into the DFP did not disrupt fiber drawing,
allowing for generation of fibers containing particles dispersed

Figure 1. Proposed binding interaction between HA and branched
PEG−PBA favored under basic conditions, and synthetic route for
PEG−PBAs containing various chemical substituents on the phenyl
ring (H, F, Cl, Me, MeO).

Figure 2. (a) Photograph of a fiber drawn from a DFP. (b) SEM
image of a dry fiber. (c) Polarized light microscopy of a birefringent
fiber oriented at ∼45° between crossed polarizers. (d) Microscope
image of a fiber drawn from a DFP containing 2 μm fluorescent
particles. Scale bars represent 10 μm.
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throughout the material (Figure 2d). The ease of preparing
particle-loaded fibers demonstrates the utility of this method
for the manufacturing of composite materials tailored to
mechanical and drug delivery applications.
Dynamic Rheology of DFP Library and Effects on

Draw Length. Rheological studies were performed to evaluate
how the chemical modifications in the PEG library influence
the properties of the various DFPs and affect fiber formation
(Figure 3). We hypothesized that the electronic effects of

substituents on the PBA would affect the mechanical
properties of the DFP, thereby influencing the propensity for
fiber formation. Previous studies of PBA-based cross-linking
suggest that PBAs with lower pKa promote cross-link
formation, citing the mechanism of boronic acid−diol
complexation which is enabled by formation of the boronate
anion.19,26 Each PEG−PBA was mixed with HA to form five
chemically distinct DFPs, and strain-dependent oscillatory
rheology was performed for each fluid to locate the linear
viscoelastic regions (Figure S1, Supporting Information).
Dynamic oscillatory frequency sweep measurements were
then performed within the linear viscoelastic region and the
crossover frequencies compared for each DFP (Figure 3a).
The crossover frequency, at which the storage modulus G′ and
loss modulus G″ curves intersect, represents the barrier
between liquid-like (G′ < G″) and solid-like (G′ > G″)
behavior and can be used as a measure of gel strength in

dynamic networks.19,27 The reciprocal of this crossover
frequency provides the relaxation time τ, or the time scale
for the material to flow due to cross-link dissociation. Despite
the incorporation of different chemical substituents on the
PBA, the range of observed crossover frequencies and
relaxation times at 25 °C was narrow across all DFPs prepared
from the PEG−PBA library.
While the relaxation times for the DFPs at 25 °C were not

greatly altered by varying chemical substitution on the PBAs,
the temperature dependence of the measured relaxation times
was determined to investigate the kinetics of cross-link
dissociation. For each DFP containing a different chemical
modification in the PEG−PBA library, dynamic frequency
sweep measurements were performed at five temperatures and
the relaxation times calculated at each temperature. Plotting
the temperature dependence of relaxation times for each DFP
according to eq 1 revealed Arrhenius relationships (Figure 3b).
In each case, the activation energy of cross-link dissociation
(Ea,dissociation) was calculated from the slope of the line of best fit
using the Arrhenius equation.28,29 The Arrhenius plots indicate
the significant influence of the electronic effects of the PBA
chemical substituents on cross-link dissociation, consistent
with dynamic interactions between the PBAs and HA; the
electron-donating groups tested lead to higher Ea,dissociation,
while the electron-withdrawing groups tend to decrease the
activation energy.

E
kT

ln lna
0τ τ= +

(1)

As cross-link dissociation was expected to be an important
factor in fiber drawing, we next determined the relationship
between PBA chemical substitution and fiber draw length, a
measure of the extensibility of the DFP (Figure 4a). The
maximum linear draw length was estimated by drawing 10
fibers from each polymer mixture. The DFPs containing PBAs
with methyl (Me) or methoxy (MeO) substituents, which have
the highest values of Ea,dissociation, could be drawn to form fibers
between 1 and 3 m long. In comparison, draw lengths for
materials containing the unsubstituted PBA (H) or those with
electron-withdrawing groups reached greater than 5 m in
length. These data suggest that a low energy barrier to cross-
link dissociation, which can allow for a highly dynamic and
more extensible DFP, favors longer fiber draw lengths.
The molar ratio of the two polymeric components, PEG and

HA, could also be altered to tune fiber properties. The
unsubstituted PEG−PBA (H) was combined with HA in one-
half (0.5x) and twice (2x) the loading as compared to the
standard procedure (1x, where x ≈ 2 PBA moieties per HA
disaccharide repeat unit). As PEG−PBA loading decreases, the
diameter of the resulting fiber also decreases. One possible
explanation for this relationship is that the lower concentration
of PBA moieties leads to fewer cross-links per HA polymer to
form a thinner fiber. Furthermore, it was determined that
PEG−PBA loading inversely correlates with maximum fiber
draw length (Figure 4b). In the case where PEG−PBA loading
was reduced to one-half of that of the standard procedure, fiber
draw length reached over 10 m, 2−40 times longer than
previously reported for organic solvent-free nanocomposite
gels, indicating the potential scalability of this method toward
efficient fabrication of fibrous biomaterials.9,15

Effects of Chemical Substituent and Polymer Ratio
on Fiber Mechanical Properties. Deciphering the relation-
ships between molecular structure and mechanical properties,

Figure 3. (a) Representative dynamic oscillatory frequency sweep
measurement of the DFP containing unsubstituted PEG−PBA (H) at
25 °C. (b) Overlay of Arrhenius plots for DFPs prepared from a
library of PEG−PBAs in order of decreasing Ea,dissociation.
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such as elastic modulus, ultimate strain, and tensile strength, is
vital to producing biomaterials suited for particular biomedical
applications.30−32 Tensile testing of single fibers was
conducted to investigate the mechanical differences caused
by varying the PBA chemical substituents and the ratio of the
polymeric components used to prepare the DFP. The stress−
strain profiles for three fiber compositions with varied chemical
substitution on the PBA (Me, H, F) are summarized in Figure
5 (see Figure S3 in the Supporting Information for an overlay
of stress−strain profiles). In most cases, increasing the strain
rate did not lead to brittle fracture. Tensile strength and
ultimate strain averaged ∼5−6 MPa and ∼50−60% strain for
fibers containing fluorinated and unsubstituted PEG−PBAs,
while the fiber containing methylated PEG−PBA showed a
higher tensile strength and much lower failure strain (Figure
5a−c). Changing the chemical substitution of a single site on
the PBA also provides access to polymer fibers with a wide
range of values for elastic modulus. Use of the methylated
PBA, which formed the DFP with the highest activation energy
of cross-link dissociation, provided fibers with high elastic
modulus (∼119 MPa), whereas substitution with the electron-
withdrawing fluoride group resulted in fibers with lower
modulus (∼6 MPa) (Figure 5d). Furthermore, repeated
loading−unloading cycles at low strain of a fiber containing
methylated PBA revealed a high initial dissipation energy as
well as high residual strain and weakening of the mechanical
properties in subsequent cycles (Figure S4, Supporting
Information). In contrast, a fiber containing fluorinated PBA
exhibited a lower dissipation energy and relatively stable
mechanical properties. Modification of the chemical sub-

stituent on a single site of the PBA provides a simple strategy
to tune fiber mechanical properties for diverse applications.
The molar ratio of the PEG and HA components can be

easily altered without synthetic effort to effectively change the
cross-link density. We investigated the effect of the polymer
ratio on fiber stress−strain profiles with the goal of developing
a facile route to tune the fiber mechanical properties (Figure
5e, see Figure S5 in the Supporting Information for an overlay
of the stress−strain profiles). Fibers were drawn from DFPs
containing the unsubstituted PEG−PBA (H) mixed with HA
in the standard ratio (1x), at one-half the PEG−PBA loading
(0.5x), and using double the standard amount of cross-linker
(2x). The highest values of tensile strength and elastic modulus
were measured for fibers with the lowest polymer ratio, with
significantly increased values observed when PEG loading was
decreased from the standard ratio to 0.5x (Figure 5f and 5h).
These trends could be explained by the increased ratio of
cross-linked versus free PEG arms and the greater number of
available HA sites to accommodate PBA cross-linking, favoring
formation of an extended polymer network. As the PEG
polymers have four branches and PBA functionalities, the
loading of PEG−PBA used in the standard procedure includes
∼2 PBA functional groups for each HA disaccharide repeat
unit. As PEG loading is increased, high concentrations of PEG
can crowd the HA binding sites and inhibit network formation,
one possible reason for decreased mechanical strength. When
comparing the mechanical properties at strain rates of 10 and
50 mm/min, the fiber with the lowest ratio (0.5x) was the only
case tested in which tensile strengths were significantly greater
at higher strain rate, reaching tensile strengths up to 50 MPa
(Figure S6, Supporting Information). Modification of the ratio
of the two polymeric components provides an operationally
simple method for tuning fibers across a wide range of
mechanical properties without the need for further synthetic
manipulation of the constituent polymers.

Humidity-Responsive Contractile Behavior. The dy-
namic cross-links that enable fiber formation by pultrusion give
rise to unique stimulus-responsive properties, as demonstrated
by the humidity-responsive behavior of the fibers (Figure 6).
Upon exposure to humidity, a suspended polymer fiber
contracts, shrinking to ∼25% of its original length in 15 min.
Supercontraction in response to humidity is a known

property of spider silks rarely observed in other materials.33

Following polymer alignment and drying during the fiber
drawing process, reintroduction of water can disrupt the fiber
structure, allowing for entropically favorable reorientation of
the polymers and fiber contraction.34 The fibers’ contractile
behavior was utilized for weightlifting applications (Video S2,
Supporting Information). A bundle of five fibers lifted an 8 mg
load approximately 10 mm over the course of 4 min in a humid
chamber (Figure S9, Supporting Information). Given their
hydrophilicity and absence of secondary cross-linking, the
fibers reported herein are predictably susceptible to dissolution
under aqueous conditions, serving as a potential strategy for
material recycling and degradation. In addition to its
biocompatibility, HA is easily functionalized, suggesting that
our production method is well suited for secondary cross-
linking approaches to facilitate biomedical applications. Studies
to enhance the persistence of the HA fibers in physiological
conditions are underway.

Figure 4. (a) Dependence of Ea,dissociation and maximum fiber draw
length (of 10 experiments) on the PBA chemical substituent. (b)
Dependence of maximum fiber draw length (of 10 experiments) on
the ratio of polymeric components, where x is defined as the molar
ratio of PBA moieties (4 per PEG molecule) to HA disaccharide
repeat units, ∼2.
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■ CONCLUSIONS
We developed a low-energy, organic solvent-free method to
produce fibers from extensible fluids based on HA and boronic
acid-terminated PEGs. Fibers containing alginate in place of
HA were also formed, suggesting that this strategy could
potentially be used to access a variety of polysaccharide fibers.
Following preparation of a library of DFPs involving systematic
variation of the PBA chemical structure and the molar ratio of
polymeric components, dynamic rheology and tensile testing
experiments revealed structure−property relationships and
design principles for fibers with tunable mechanical properties,
including tensile strength, ultimate strain, and elastic modulus.
This method produces fibers by pultrusion with high aspect
ratios and longer length scales than previously reported for
related physically cross-linked aqueous systems by reaching
draw lengths 2−40 times greater, a feature that could facilitate

application to large-scale production. The dynamic polymer
networks present in the fibers provide opportunities for unique
biomimetic properties, shown by the humidity-responsive,
contracting, and weightlifting properties of the HA fibers. This
study demonstrates a strategy for chemically tuning the
mechanical properties of biopolymer fibers that represent a
promising class of materials for transformative medical
technologies.
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Figure 6. Polymer fiber (a) before and (b) after supercontraction
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