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ABSTRACT: The growing importance of hydrogels in translational medicine has Electrical Signal Oscillating Signal
Recruits Chains Imposes Temporal Input

stimulated the development of top-down fabrication methods, yet often these methods
lack the capabilities to generate the complex matrix architectures observed in biology.
Here we show that temporally varying electrical signals can cue a self-assembling
polysaccharide to controllably form a hydrogel with complex internal patterns.
Evidence from theory and experiment indicate that internal structure emerges through
a subtle interplay between the electrical current that triggers self-assembly and the
electrical potential (or electric field) that recruits and appears to orient the
polysaccharide chains at the growing gel front. These studies demonstrate that short
sequences (minutes) of low-power (~1 V) electrical inputs can provide the program
to guide self-assembly that yields hydrogels with stable, complex, and spatially varying
structure and properties.
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1. INTRODUCTION framework’”’® to understand such patterning.’' 7 As
illustrated in Scheme 1la, a classic example is the clock and
wavefront model used to explain the emergence of the
segmented structure of embryonic somites.”>’” This model
postulates (i) a smooth oscillator (i.e, cellular clock), (ii) a
slowly moving wavefront (i.e., of differentiated tissue), and (iii)
rapid change at the front (i.e., cellular differentiation).*®*’
Scheme 1b shows that we are extending the clock and
wavefront framework from biological development to the
programmable fabrication of a self-assembling hydrogel.
Specifically, we are studying the pH-responsive amino-
polysaccharide chitosan that can be induced to self-assemble
into a hydrogel through a neutralization mechanism. Previous
investigators have shown that the diffusion of OH™ ions (from
NaOH solution)**™** can induce chitosan’s self-assembly (i.e.,
gelation) and that interruptions in this gelation yield complex
structures with boundaries separating segments (these have

The growing importance of hydrogels in biomedical
applications' ™ is stimulating the development of a range of
top-down fabrication strategies."”” A major goal for such
fabrication methods is to create hydrogels with complex
structures™” that can be controlled independently from
changes in chemical composition. One motivation for
controlling structure is to enable a precise tuning of the
mechanical properties that regulate cell behaviors,'*~"* such as
cell adhesion and spreading,"”~'” proliferation,'® and differ-
entiation.'” ™" In addition, precise control of internal structure
may allow hydrogels to be created with anisotropic transport
properties that confer directionality to the diffusion of cell
signaling molecules that can cue development along desired
programs.””~>* Whereas there has been exciting progress in the
ability to control hydrogel structure and properties, current
top-down methods are still unable to recapitulate the complex

internal matrix structure that is characteristic of biology. been referred to as multilayer or onion structures).43’44
Biology’s ability to generate complex matrices serves as an Previous studies have shown that electrical inputs can trigger

inspiration for the programmable construction of soft

matter.”>*® In many cases biology uses diffusible chemical Received: October 10, 2017
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?(a) Clock and wavefront model to explain the emergence of the segmented structure of embryonic somites. (b) Programmable fabrication of
segmented hydrogel structure using oscillating electrical inputs to cue self-assembly. (c) Cathodic neutralization mechanism of chitosan’s
electrodeposition. (d) Segmented structure generated in response to oscillating electrical inputs. Adapted from ref 48 with permission from The

Royal Society of Chemistry.

chitosan to electrodeposit at a cathode surface in response to
the locally generated region of high pH,””* and when
oscillating electrical input signals are imposed a segmented
structure emerges that has highly resolved boundaries
generated within the hydrogel.*® Several experimental
observations of chitosan’s electrodeposition are consistent
with elements of the clock and wavefront model. First, during
electrodeposition, a steep pH gradient separates the high-pH
region adjacent to the electrode and the low-pH region in the
bulk solution (Scheme 1c): This pH front grows slowly during
the course of electrodeposition.”” Second, the pH front
colocalizes with the gelation front, consistent with a rapid
change in structural organization from individual polysacchar-
ide chains in solution to a 3D hydrogel network.”” Finally, if
the electrical input is imposed to oscillate with time, then a
segmented spatial pattern emerges, as illustrated in Scheme
1d.*

Here we used all atom molecular modeling and in situ
imaging through two novel methods (quantitative polarized
light microscopy and Brillouin spectroscopy) to clarify the
mechanisms responsible for the emergence of segmented
structure during chitosan’s electrodeposition. Furthermore, we
show that a clock and wavefront model provide a reasonable
framework to understand how temporally varying electrical
input cues™*” can trigger the formation of spatial patterns.
Specifically, we report that there are two components of the
electrical input signal that control the emergence of the
complex hydrogel structure. The electrical current is
responsible for self-assembly because it is responsible for the
electrochemical reactions that generate OH™. The electrical
potential (or field) is responsible for recruiting chains into the
interface and appears to align these chains at the growing gel
front. Oscillations in the electrical input create subtle changes
in the relative importance of these two electrical components
and can provide the program to guide self-assembly into deep
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free-energy wells that yield complex and spatially varying
structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Chitosan from crab shell (85% DA, ~200 kDa),
fluorescein isothiocyanate-dextran (150 K), hydrogen peroxide
(30%), and sodium chloride (99.5%) were purchased from Sigma-
Aldrich. The deionized (DI) water was prepared from Millipore
SUPER-Q water system with final resistivity >18 MQ cm.

2.2. Electrodeposition. Chitosan solution (1% w/w) was
prepared by adding chitosan powder into deionized water and slowly
adding 1% hydrochloric acid to dissolve the chitosan. The final pH of
the chitosan solution is ~S.5. The chitosan solution was filtered
through a porous glass filter (~40 um) to remove undissolved
particles. Chitosan’s electrodeposition was performed in the micro-
fluidic channel device by filling the channel with a chitosan solution
(1%, pH S.5, 20 mM H,0,) with or without NaCl (0.4 M). The
sidewall gold electrodes were connected to an electrochemical
workstation (CHI6002E, CH Instrument, USA), and the “ON-
OFF” input electrical signal sequence was programmed before
initiating deposition. The working electrode was biased as cathode
with a constant current density (typically 10—20 A/m?), and a Pt wire
was used as counter/reference electrode.

2.3. Instrumentation. Optical and fluorescence micrographs
were obtained using an Olympus MVX10 MacroView microscope,
and the images were analyzed using Image] (http: //rsb.info.nih.gov/
ij/). The morphology of the electrodeposited chitosan hydrogels was
obtained using a scanning electron microscope (VEGA3 LMU,
TESCAN) and crystallinity was measured with an X-ray diffraction
apparatus (X'Pert Pro, PANalytical) with Cu Ka radiation source
under the operating voltage of 40 kV and current of 20 mA.
Quantitative polarized light microscopy (qPLM) was performed using
a Meiji ML9730 polarized light microscope with 4X objective. The
time-growth birefringence images were captured with attached S MP
Lumenera Infinity 1-5 digital camera. The optical setup and
computation of qPLM parameters have been previously de-
scribed.**'~>* The details of the Brillouin microscopy setup were
described elsewhere.”® The microfluidic channel filled with chitosan
solution was placed on the sample platform, and a laser beam for
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Brillouin measurement was focused into the solution from the bottom
side of the channel. The focused beam spot was about 0.5 X 0.5 X 2
um. The light source was a single-mode 532 nm cw laser (Torus,
LaserQuantum), and ~10 mW power was used in the measurement.
For the in situ measurement, the laser beam was fixed at the position
of 20 um away from the cathode edge along gelation direction and 20
um up from the bottom surface of the channel. For the scanning
measurement, the channel was automatically moved back and forth
repeatedly by the sample platform (Prior) along the gelation direction
within the range of 300 ym. The scanning rate was set at 10 ym/s and
the step size was 0.5 um.

3. RESULTS

3.1. Modeling Evidence of the Role of Electrical
Potential on Chain Migration. To examine the influence of
the imposed electrical potential, we performed all-atom
molecular dynamics simulations of a fully protonated chitosan
chain composed of 20 glucosamine units in the presence of a
uniform electric field of 0.004 V/nm without and with added
0.5 M salt. (Details of the simulation protocols are shown in
the Supporting Information.) To reduce statistical uncertain-
ties, simulation was repeated three times with electric field
applied in ¥, y, or z directions. The simulated field strength was
1000 times greater than experiment to compensate for the 10’
times shorter simulation time. As a control, three independent
simulations in the absence of electric field were also conducted.

The control in Figure la shows that in the absence of an
imposed field the calculated mean squared displacement
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Figure 1. Electric field induces the protonated chitosan chains to
migrate. (a) Mean squared displacement (MSD) of the chain as a
function of elapsed time. The dashed lines represent the data from
three independent runs. The solid lines represent the averages of the
three runs. In the presence of electric field, only MSD in the direction
of the field is plotted. The center of mass of the chain was used in the
MSD calculation, with global displacement removed. The inset shows
the MSD results in the absence of electric field or salt. For clarity, the
average over the three runs in all three directions is shown. (b)
Probability distribution of the end-to-end distance of the chain.

(MSD) of the chain center of mass is small and increases
nearly linearly with time. This is expected, because the motion
of a chitosan chain in solution can be described by the
equation for Brownian motion, MSD = DA7, where D is the
diffusion coefficient and A7 is the elapsed time. In the presence
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of an imposed field, however, the MSD in the direction of the
field is more than 10 times larger and increases nonlinearly
with time. Fitting the data to MSD = DA7” returns « of ~1.1,
suggestive of a superdiffusion behavior. This is because the
charges on the chitosan chain experience the forces in the
direction of the field, converting the normal diffusion process
into an active transport (e.g,, migration) process. With added
salt, the force due to the electric field remains but is weakened
due to the Debye—Hiickel screening of the chitosan charges.
As a result, the chain migration toward the electrode slows
down but the nonlinear behavior persists.

Next, we examined the chitosan chain dynamics by
calculating the distribution of the end-to-end distance. Figure
1b shows that in the absence of salt the chain tends to be rigid
with the most probable end-to-end distance (~9.5 nm)
approaching the contour length (~11 nm)*° and the imposed
field having no obvious effect on the chain configurations.
Interestingly, added salt increases the population of more
flexible configurations. Our previous work revealed two
underlying reasons.*® First, the charges on the chitosan chain
experience Debye—Hiickel screening, which reduces the
energetic penalty for the chain backbone bending. Second,
salt disrupts the intramolecular hydrogen bonds that stabilize
the extended backbone state. How salt affects the molecular
structure of the chitosan gel state is not well understood.
Because chitosan chains are more collapsed and flexible in the
presence of salt, it may lead to less available sites for forming
intermolecular hydrogen bonds.*® However, our previous work
also showed that salt destroys short-lived intermolecular
hydrogen bonds during chitosan self-assembly, leading to the
thermodynamically more favorable state with a larger number
of intermolecular hydrogen bonds.** Dissecting salt effects on
the structure and the formation of chitosan hydrogel is a
continued effort.

3.2. Hydrogel Growth during the ON-Signal. The ON-
signal is a constant user-defined direct current that induces the
electrochemical proton-consuming reaction that leads to a high
localized pH near the cathode surface. This pH shift triggers
the stimuli-responsive aminopolysaccharide chitosan to self-
assemble (i.e., electrodeposit) into a hydrogel through a
neutralization mechanism.*>*”>” During the ON-signal, a steep
pH gradient emerges that separates the high-pH gel region
adjacent to the electrode from the low-pH solution: This pH
front grows slowly during the ON-signal and the growing pH
front colocalizes with the gelation front consistent with a rapid
change in structural organization from individual 4polysacchar-
ide chains in solution to a 3D hydrogel network."”

To experimentally observe electrodeposition of the chitosan
hydrogel, we used the fluidic device in Figure 2a, which is
fabricated with sidewall electrodes and a transparent cover that
allows real-time microscopic observation of film growth.*” As
schematically illustrated in Figure 2a, the two sidewalls for this
fluidic device are fabricated from glass microscope slides that
are each patterned with parallel 1 mm wide gold stripes using
angled thermal evaporation with a shadow mask.”” The fluidic
channel was assembled by placing these 1 mm thick slides 1
mm apart and sandwiching these slides between two thin
polydimethylsiloxane (PDMS) layers. (For clarity the top
PDMS cover is not shown in Figure 2a.) Each sidewall
electrode has an active area of 1 mm®. The channel was filled
with a chitosan solution and deposition was performed without
fluid flow and with a constant ON-signal. The deposited
hydrogel can span approximately half of the distance between
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Figure 2. Emergence of structure during electrical ON-signal. (a) Schematics illustrating experimental device and the growing pH and self-assembly
fronts due to the electrical current of the ON-signal. (b) Comparison of experimental results with expectations from a moving front model. (c)
Quantitative polarized light microscopy (qQPLM) metrics show the emergent microstructural organization: orientation-independent birefringence
(OIB), parallelism index (PI), and local optical axis orientation (a). (d) SEM images of chitosan gel electrodeposited with a single ON-signal in the

absence and presence of salt. Arrows indicate electric field.

the electrodes because of the competing pH gradients. (The
high pH emanating from the cathode that is responsible for
electrodeposition will merge with the low pH emanating from
the anode.) A moving front model provides a semiquantitative
macroscopic description of chitosan’s electrodeposition.*®
(Details of the model are shown in the Supporting
Information.) Chitosan’s deposition in the absence or presence
of salt is linear with time and increases with current density,
which is qualitatively consistent with expectations from the
moving front model (Figure S1). The rapid hydrogel growth
observed in the presence of salt’® shows reasonable
quantitative agreement with expectations from the macro-
scopic moving front model, while greater deviation occurs for
the slower growth observed in the absence of salt (Figure 2b).
This deviation is consistent with the electric-field-inducing
chitosan chains to migrate into the growing hydrogel. (The
moving front model does not consider field-induced chain
migration.) Independent experimental evidence of field-
induced chitosan chain migration in the absence of salt during
the ON-signal is shown in Figure S2 in the Supporting
Information.

It may seem paradoxical that the growth speed of hydrogel
in the presence of salt is faster than that in the absence of salt
(Figure 2b), given that the MSD of chains in the presence of
salt is smaller than that in the absence of salt (Figure 1a). The
reason for this behavior is that gelation is induced by
neutralization and the gel front grows faster when there are
fewer chains to neutralize. If field-induced migration recruits
more chains toward the cathode, then there are more chains to
be neutralized for a given volume. (Under these conditions, the
gels grow more slowly but have a higher chain density.)

367

Quantitative polarized light microscopy (qPLM)***'~>* was
used to observe the emergence of microstructure during
chitosan electrodeposition (Figure S3 in the Supporting
Information). As expected, no birefringence is observed in
the initial chitosan solution, indicating that this solution is
optically isotropic. When chitosan is deposited in the absence
of salt, the growing gels are observed to be birefringent with
birefringence increasing over time, suggesting that the hydrogel
chain density may be increasing (e.g., by syneresis) or chitosan
chains may be reorganizing to yield greater alignment of chains
with respect to each other. Minimal birefringence is observed
in chitosan hydrogels deposited in the presence of salt.

In separate studies, gels were deposited and then maximum
birefringence signal for each pixel was determined computa-
tionally from a series of raw birefringence images at different
rotation angles of crossed polarizers and mapped as
orientation-independent birefringence (OIB) (Figure 2c).
Additional maps of parallelism index (PI) and local optical
axis orientation (@) are also shown in Figure 2c. (Note: Strong
edge effects are apparent in these maps and we focus analysis
on the hydrogel adjacent to the central region of the
electrode.) For deposition in the absence of salt, The high
OIB observed suggests that these gels are organized into a
highly anisotropic structure; the high PI indicates that these
chains are highly aligned, and the local microstructural
orientation indicates the polysaccharide chains are oriented
parallel to the electrode surface. In contrast, the chitosan gels
electrodeposited in the presence of salt possess very little
birefringence, indicating an isotropic structure with no
preferential chain alignment. (Note: The low birefringence
for gels formed in the presence of salt prevents the
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Figure 3. Dynamic relaxations during the electrical OFF-signal. (a) Dissipation of steep pH gradient at gel—solution interface when the electrical
signal is switched from ON to OFF. Calibration curve of fluorescent intensity versus pH is shown in Figure S4b. (b) Rapid decrease in imposed
cathodic potential when electrical signal is switched from ON to OFF, although a finite resting potential persists.

determination of meaningful PI or a values consistent with an
isotropic microstructure.)

Additional evidence of chain alignment is provided by SEM
images of electrodeposited hydrogels with a single ON-signal
on a gold-coated surface. After chitosan’s electrodeposition, the
hydrogel film was rinsed with DI water, frozen in liquid
nitrogen, and freeze-dried before SEM imaging. As shown in
Figure 2d, the SEM images suggest that in the absence of salt
chitosan chains are aligned parallel to the electrode surface,
whereas in the presence of salt a less dense and less aligned
structure is observed.

3.3. Relaxations during the OFF-Signal. One expect-
ation during the OFF-signal (i = 0) is that the steep pH
gradient established at the gel—solution interface will relax. To
observe the spatiotemporal dissipation of this pH gradient we
codeposited chitosan with FITC-dextran that provides pH-
sensitive fluorescence.””®" After switching the electrical signal
off, Figure 3a shows a gradual relaxation of the steep pH-
gradient generated at the gel—solution interface (Figure S4).
Partial relaxation of this pH front indicates that chitosan chains
at/near the gel—solution interface should become progressively
more protonated (i.e, charged). It should be noted that
prolonged OFF time (e.g, 300 s) results in hydrogel’s
redissolving (Figure S4c).

In addition to a relaxation of the pH front, a switch from an
ON-signal to an OFF-signal is expected to result in an
instantaneous decrease in the cathodic potential imposed at
the electrode surface. This is illustrated by the experiment in
Figure 3b in which the ON-signal was interrupted by two brief
OFF-signals and compared with a control with an unin-
terrupted ON-signal. The bottom panel of Figure 3b shows the
expected decrease in cathodic potential when the electrical
signal was switched OFF. Importantly, Figure 3b shows that
there is a residual imposed resting potential of about —0.4 V
during the electrical OFF-signal, and this resting potential
exerts a sufficient electrical force to influence the chitosan
chains (e.g, to drive migration) in the absence of salt (Figure
S5).

3.4. Oscillating ON/OFF Signals To Create Seg-
mented Hydrogel Structure. When chitosan hydrogels
(with FITC-dextran) are deposited in response to oscillating
ON-OFF signals segmented structures emerge as illustrated in
Figure 4a. Segment growth occurs during the ON-signal while
boundaries form during the OFF-signal. Segment growth and
boundary formation are both sensitive to salt. In the absence of
salt, the average thickness of the boundary increases with the
duration of the OFF-signal, while the thickness of the
boundary generated in the presence of salt is constant

368

Programmed electric input signal

OFF
»
on Front Electric Field
— Growth (B)
> S S Segment
] (o))
—_— /( )
L < 3
<3
) <
OFF  Front Residual =
— Relaxation E o
L % <
\_
v 1 (:
\\ \
Tz, <=
(b)
-~ 15
£ NoNaCl | <= 0.4 M NacCl
2 £
= 0200 .
o £
g Q
2 10 Eous
= &
= >
> S 0.10
5 04MNaCl| & No NaCl
c 5 S
g > 0.05
8 =3

0 2 4 6 8 10 12
OFF Time (s)

0 2 4 6 8 10 12
OFF Time (s)

Figure 4. Boundary formation controlled by electrical OFF-signal. (a)
Oscillating electrical ON/OFF-signals generate hydrogels with
segment/boundary structure. (b) Boundary thickness and gel volume
as a function of OFF-signal duration.

independent of OFF-signal duration (Figure 4b). These
observations indicate that the residual electric field of the
OFF-signal can recruit chitosan chains into the boundary, and
this field-induced effect is abolished in the presence of salt.
To characterize the spatiotemporally varying properties of
these segmented hydrogels, we coupled a Brillouin spectrom-
eter with a confocal microscope. Brillouin spectroscopy uses
the frequency shift of acoustically induced light scattering
inside a sample to measure the high-frequency longitudinal
modulus, which is correlated to the conventional Young’s
modulus.*>®" We first applied Brillouin spectroscopy to detect
chitosan gelation by focusing the laser in the fluidic channel 20
pum from the cathode, as illustrated in Figure Sa, and measuring
the Brillouin frequency shift of the backward scattered light
during the course of gelation. Figure Sa shows that when
deposition was performed in the absence of salt, a distinct
change in Brillouin shift (~0.02 GHz) is observed at the time
that the gel front grew past the laser’s position (150 s). When
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shift correlates to the duration of the OFF-signal.

the gel was grown in the presence of salt, the moment that the
gel front passed the laser’s position (100 s as observed by
bright-field microscopy) could not be identified based on the
Brillouin frequency shift. The inability to detect chitosan
gelation in the presence of salt is consistent with previous
observations that hydrogels deposited in the presence of high
salt have very low moduli.>®

In the subsequent experiment, we imposed oscillating
electrical inputs and used Brillouin spectroscopy to observe
segment growth and boundary formation in situ. Specifically,
we used a chitosan solution lacking salt and imposed ON-
signals of 30 s and OFF-signals of varying times. To monitor
the real-time growth of the gel, we repeatedly scanned the
Brillouin beam across the channel along the gelation direction
(Figures S6 and S7). The upper curve in Figure Sb
corresponds to a gel formed with a continuous ON-signal (0
s OFF-signal) and shows a flat baseline. The lower curves in
Figure Sb show that distinct peaks are observed at the
boundary regions that were generated during each OFF-signal,
and these peak heights increased with OFF-signal duration, as
shown in Figure Sc. Further tests showed that more complex
sequences of ON/OFF signals could be imposed to generate
hydrogels with more complex internal segment/boundary
structural features (Figure S8). Together, these results indicate
that the boundaries are regions of higher modulus and
boundary modulus is controlled by OFF-signal duration in a
field-dependent manner. The boundary regions have higher
modulus presumably because the boundaries have greater
chain density. During the OFF signal, there is a “relaxation”
that occurs, allowing chain reorganization to form a denser
interface. Mechanistically, we believe this relaxation involves a
partial dissipation of the pH gradient, allowing the chains at
the periphery to become protonated and partially mobile while
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the residual electrical field (associated with the resting
potential shown in Figure 3b) still imposes a force to recruit
chains into the interface and potentially also to align the chains
at the interface.

3.5. Electrical Control of the Emerging Micro-
structure. The emerging structure generated in response to
the oscillating electrical inputs is illustrated by the time-lapsed
qPLM images of Figure 6a. These images show high
birefringence in the segments formed during the ON-signal
when deposition was performed in the absence of salt, while
low birefringence is apparent in the segments generated in the
presence of salt. A segmented hydrogel generated by oscillating
electrical inputs in the absence of salt was further examined by
generating parameter maps using qPLM. The orientation-
independent birefringence (OIB) in Figure 6b shows a
segmented appearance, and the segment regions have a high
PI and are highly aligned. In addition, the local optical axis
orientation () in Figure 6b indicates that the chitosan chains
in the segments are aligned tangential to the direction of
chitosan gel growth. These highly aligned regions of chitosan
microstructure created during the ON-signal are separated by
boundaries that appear to have higher chain density. The
alignment of chitosan hydrogels in response to the oscillating
electrical inputs is also illustrated by the SEM images of Figure
6¢. Specifically, chitosan hydrogels were electrodeposited on a
gold chip by imposing four cycles of ON and OFF signals.
Aligned segments are observed for chitosan hydrogels
deposited in the absence of salt, whereas gels deposited in
the presence of salt show porous random structures. (Note:
The hydrogel layers sometimes delaminate during freeze-
drying, and this occurs for hydrogels prepared with or without
salt.) Consistent with these microstructural differences, the
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Figure 6. Electrical control of emerging microstructure. (a) Time-lapsed images show that gels deposited in the absence of NaCl are birefringent
while gels deposited in the presence of NaCl (0.4 M) show little birefringence. (b) Quantitative polarized light microscopy metrics of orientation-
independent birefringence (OIB), parallelism index (PI), and local optical axis orientation () of chitosan hydrogel electrodeposited in the absence
of salt. (c) SEM images of segmented chitosan hydrogels show aligned segments for gels deposited in the absence of NaCl, while gels deposited in
the presence of salt show porous random structures. Arrows indicate electric field. (d) XRD measurements suggest greater crystallinity for

hydrogels electrodeposited in the absence of NaCl.

XRD results in Figure 6d indicate that greater crystallinity is
observed for hydrogels electrodeposited in the absence of salt.

4. DISCUSSION

In this work, we studied the self-assembly of a stimuli-
responsive polysaccharide and show that both the electro-
chemical and field components of an oscillating electrical input
signal are integral to the emergence of segmented hydrogel
patterns. Fundamentally, the energetics of self-organizing
systems can vary between extremes of simple self-assembly
toward a free-energy minimum and dissipative self-assembly
that requires a continued input of energy.”’”®" Chitosan’s
electrodeposition is intermediate in that the electrical program
guides assembly into deep free-energy wells (ie., through
strong noncovalent interactions)*>*" that kinetically trap
patterns that can persist indefinitely in the absence of
continued energy inputs.””~"* An intrinsic difference between
programmed pattern formation in biological development and
those generated by top-down electrofabrication involves the
spatial supply of energy. In biology, the diffusing morphogens
provide the cues, but the energy needed to execute a
developmental program can be supplied locally by metabolism
of the differentiating cells. In contrast with biology’s
distributed energy supply, the imposed electrical signals that
cue hydrogel patterning must also provide the necessary energy
for pattern development.

To elucidate the mechanisms of emergent segmented
structure during chitosan’s electrodeposition, we used a fluidic
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device with sidewall electrodes (Figure 2a) that allows real-
time microscopic observation of hydrogel growth.”” Impor-
tantly, the fluidic device allows us to apply two unconventional
experimental methodologies to observe the in situ emergence
of chitosan’s structure during electrodeposition. Quantitative
polarized light microscopy (qPLM)***'™>* revealed the
anisotropic microstructural organization and chitosan chain
alignment within the emerging hydrogel. Brillouin spectrosco-
py”> showed that the temporally varying imposed electrical
signals controlled the generation of spatially varying internal
patterns and accompanying gradients in mechanical properties
with high-modulus boundary regions separating the lower-
modulus segments. By integrating the independent information
obtained from these two novel experimental methods and
augmenting this information with molecular dynamics
simulations,”*® we are able to clarify the mechanisms
responsible for the emergence of segmented structure during
chitosan’s electrodeposition. That is the imposed current
induces electrochemical reactions that provide the pH cues
that trigger self-assembly, while the imposed potential (i.e.,
field) provides the cues that recruit chains to the interface.
Screening the electrical potential with salt during electro-
deposition does not prevent self-assembly but yields weak gels
with no obvious microstructural alignment.

The structural features (i.e., segments and boundaries) of
our electrofabricated hydrogel films can be readily controlled
by programming the duration of the ON- and OFF-signals.
The feature size of the boundaries is in the micrometer range
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(Figure 4b), which is smaller than the typical feature size
(~200 um) of hydrogels fabricated with current top-down
methods such as 3D bioprinting.”*”’® In addition, the
microstructural alignment of hydrogel film can also be easily
tuned from anisotropic to nearly isotropic by varying salt
content in deposition solution. Importantly, the hydrogel film
fabricated by this electrical programming is mechanically and
structurally heterogeneous (i.e., has alternating segments and
boundaries) but chemically homogeneous (i.e., the patterning
is achieved within a hydrogel composed of a single
polysaccharide with no change in composition). This
decoupling of structural properties from chemical composition
should provide new capabilities for studies in mechanobiology
and cell—cell communication.

5. CONCLUSIONS

Electrical signals can be imposed with exquisite temporal and
quantitative precision, and this work illustrates how subtleties
of these signals can be exploited to guide polysaccharide self-
assembly into deep free energy wells that yield spatially varying
kinetically stable structure. The imposed current induces
electrochemical reactions that provide the pH cues that trigger
self-assembly, while the imposed potential provides the cues
that recruit chains to and aligns them at the interface.
Screening the electrical potential with salt during electro-
deposition does not prevent self-assembly but yields weak gels
with no obvious microstructural alignment. Oscillating
electrical inputs shift the balance of interactions, enabling
segmented structures to be generated with boundary regions
that are denser with higher modulus. The ability of
programmable electrical inputs to provide the temporally
varying cues for hydrogels to organize into complex spatial
patterns is consistent with the clock and wavefront framework
and indicates that top-down electrofabrication can organize
soft matter with structural complexities approaching those of
biology.

Biology often serves as the model illustrating how structure
controls important functions. Structure is obviously integral to
mechanical functions, and steep stiffness gradients are often
required to satisfy dramatically different mechanical needs
(e.g., a hard outer exoskeleton connected to a more compliant
underlying soft tissue).””~*" Advances in mechanobiology are
also revealing that more subtle cellular responses (e.g,
adhesion and spreading) are controlled by surface structure/
properties, and these observations provide important criteria
for the fabrication of tissue engineering scaffolds.”®'~**
Biology also relies on dynamic structures that are constructed
from reversible noncovalent interactions to perform important
information processing functions. Classic examples of such
dynamic structures include virus particles that disassemble and
reassemble during the infection cycle and neurotransmitter
vesicles that are important for localized molecular signaling
between nerve cells. These latter examples provide insights
into how to design nanoparticle systems for the storage,
targeting, and delivery of therapeutics®>™"" and for the
fabrication of self-healing and reconfigurable materials.®**%*’
Results reported here suggest that electrofabrication offers
advantages in comparison with alternative photolithographic or
printing methods for hydrogel fabrication in that reversible
(i.e., dynamic) structures can be programmed to assemble in
response to external stimuli that can imposed with
considerable spatiotemporal control. Furthermore, the com-
plex chitosan structures generated in this study are achieved
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without a change in composition, and thus electrofabrication
with this stimuli-responsive self-assembling polysaccharide
allows a decoupling of hydrogel structure and composition.
Finally, this work demonstrates the application of advanced
methods (i.e, molecular modeling, qPLM and Brillouin
spectroscopy) to characterize hierarchical structure of the
fabricated hydrogels. Advances in soft matter characterization
may be integral to enhancing our capabilities to create complex
soft matter for a range of emerging applications.
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