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Hydrogels are increasingly considered for creating three-dimensional structures in miniaturized devices,
yet few techniques exist for creating such hydrogel structures. We report a new approach for creating
hydrogels using the amine-containing polysaccharide chitosan. Specifically, electrodes are immersed into
a slightly acidic chitosan solution and a voltage is applied to promote the proton-consuming hydrogen
evolution reaction at the cathode surface. This reaction leads to a high localized pH in the vicinity of the
cathode surface, and if this localized pH exceeds about 6.3, then chitosan becomes insoluble and deposits
at the cathode surface. As the current density is increased, the region of high pH is expected to extend
further from the cathode surface into the bulk solution. Using moderately high current densities (50 A/m?),
we observed that chitosan deposited as a thick hydrogel. Measurements of the water content confirmed
that the deposited chitosan was a hydrogel. To suggest the potential utility, we deposited a chitosan
hydrogel on a patterned surface to create a channel. Because of chitosan’s pH-dependent solubility, this
channel could be “disassembled” by mild acid treatment. We envision that electrochemically-induced
deposition of chitosan-based hydrogels may offer interesting opportunities for the integration of biological

systems into miniaturized devices.

Introduction

Miniaturized systems offer the potential of performing
functions rapidly, efficiently, and in a parallel processing
format. Polymer-based hydrogels are expected to play an
increasing role in miniaturized systems for at least two
reasons. First, the three-dimensional structure of hydro-
gels can be exploited to control flow in microfluidic
devices.'™® These structures can be static (e.g. channels
and barriers) or responsive, depending on the polymeric
materials. For instance, stimuli-responsive polymeric
hydrogels have been used to create microscale valves and
actuators that respond to imposed stimuli.*® A second
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reason for integrating hydrogels into miniaturized systems
is that their agueous microenvironment is appropriate
for sensitive biological systems.'° Thus, hydrogels are often
considered for applications involving proteins and nucleic
acids,'*"** and even intact cells.'>718 Typically, hydrogels
are created in miniaturized systems, as indicated in
Scheme 1a. The polymers are generated from synthetic
monomers (e.g. acrylates) using standard photoinitiated
polymerization chemistries. Polymerization is controlled
spatially using a mask to direct where polymerization is
initiated.

We report an alternative approach for generating
miniaturized hydrogels. Specifically, we exploit the amino-
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polysaccharide chitosan that undergoes pH-dependent
hydrogel formation. At low pH (pH < 6), chitosan is
protonated and soluble. When the pH is raised above about
6.3, the amino groups become deprotonated and this
polysaccharide can form an insoluble hydrogel net-
work. 1920
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To create hydrogels at the interface between a solid and
a chitosan solution, we generate localized regions with

high interfacial pHs. Scheme 1b shows that the high
localized pH is generated electrochemically at the cathode
surface due to the hydrogen evolution reaction. The rate
of this electrochemical reaction is proportional to the
current density and can be adjusted by the applied
voltage.?! As indicated in Scheme 1b, proton consumption
at the cathode surface is partially compensated for by
proton generation from the dissociation of water. A pH
gradient can be generated adjacent to the cathode surface,
depending on the relative rates of hydroxyl ion generation
and hydroxyl ion diffusion from the interfacial region.
The generation of a pH gradient at the cathode surface
is well-established in electrochemical systems and has
been used to explain the anomalous codeposition of
metals.?2725
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Figure 1. Chitosan hydrogel deposited on a patterned gold cathode: (a) top and (b) side views; (c) top and (d) side views using
a UV light source. Deposition was carried out using 1.5% wi/w fluorescently labeled chitosan of bulk pH = 5.5 for 20 min at a current
density of 50 A/m?. The thickness (i.e. height) of the deposit was estimated to be 5 mm. The “pores” created by the evolved gas

bubbles are evident in these photos.

Scheme 1b illustrates our hypothesis for the creation
of miniaturized chitosan hydrogels at the cathode surface.
Specifically, the electrodes are immersed in a slightly
acidic chitosan solution. A pH gradient is established in
the immediate vicinity of the cathode surface when a
voltage is applied to the electrodes. A chitosan chain that
experiences the localized region of high pH is deprotonated
and becomes insoluble when the localized pH exceeds
about 6.3. Depending on conditions, the insoluble chitosan
chains can form a three-dimensional hydrogel network.
This electrochemically induced deposition mechanism
allows chitosan hydrogels to be “constructed” in a spatially
controlled manner and may offer unique opportunities
for use in microfabricated devices.

Materials and Methods

Chitosan from crab shells (85% deacetylation and 370 000
molecular weight, as reported by the manufacturer) was pur-
chased from Sigma-Aldrich Chemicals. Details of how we
prepared the solutions and fabricated the patterned surfaces
have been described elsewhere.?627 Chitosan solutions were
prepared by dissolving flakes in HCI, and then NaOH was added
to adjust the pH. Fluorescently-labeled chitosan was prepared
by reacting NHS-fluorescein (5- (and 6)-carboxyfluorescein
succinimidyl ester) with chitosan. The patterned surfaces were
fabricated by depositing 150 A thick chromium and then 2000
A thick gold layers on 4 in. diameter silicon wafers, which had
previously been coated with a 1 um thick thermal oxide film.
Patterning was achieved using standard photolithography
materials and methods.

For deposition, the patterned surfaces were immersed in
solutions containing 1.5% w/w of either fluorescently-labeled
chitosan or unlabeled chitosan. In all cases, the patterned gold
surfaces were polarized to serve as negative electrodes (i.e.
cathodes). The anode in these experiments was an unpatterned,
highly doped silicon wafer. The two electrodes were connected
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to a dc power supply (Model 6614C, Agilent Technologies) using
alligator clips. Deposition was performed for varying times at
varying fixed current densities (galvanostatic conditions). After
deposition, the electrodes were disconnected from the power
supply and removed from the solutions. Photographs of the
hydrogel were taken using a digital camera (Canon EOS D-60)
with a 90 mm lens. The patterned surfaces were also examined
with a fluorescence stereomicroscope (MZFLIII, Leica) using a
fluorescence filter set (GFP Plus) with an excitation filter at 480
nm (bandwidth of 40 nm) and an emission barrier filter at 510
nm. Photomicrographs were prepared from the fluorescence
microscope using a digital camera (Spot 32, Diagnostic Instru-
ments).

The water content of the hydrogels was determined by weighing
the material before and after oven-drying overnight at 45 °C.
The pH of the water within the hydrogel was measured by
collecting the hydrogel and compressing it to squeeze out the
fluid from the hydrogel matrix. The pH of the collected fluid was
measured using a pH meter (Basic Accumet, Fisher Scientific).

Results and Discussion

Initial experiments were conducted to demonstrate that
chitosan-based hydrogels could be deposited onto the
cathode surface. In these experiments, a patterned cathode
(1.5 cm?) and an anode were immersed in a solution
containing fluorescently-labeled chitosan (1.5% w/w; pH
= 5.5) for 20 min, and a current density of 50 A/m? was
maintained. After deposition, the electrodes were discon-
nected from the power supply and removed from the
solution. The photograph in Figure la shows that a
chitosan-based hydrogel is deposited on the cathode
surface (the gold region below the hydrogel) while small
amounts of chitosan are observed to extend onto the
unpatterned regions (the dark silicon oxide region of the
wafer). The side view of the deposited hydrogel is shown
in Figure 1b. The thickness of the deposited hydrogel was
estimated to be 5 mm. Parts c and d of Figure 1 show the
top and side views, respectively, of this fluorescently
labeled hydrogel illuminated using a UV-light source. The
dark spots that are visible in Figure 1c are “pores” that
are most probably created by the hydrogen gas bubbles



Letters

(@)

(b)

Langmuir, Vol. 19, No. 10, 2003 4061

(c)

*Magnification 8x

Figure 2. Chitosan deposition is controlled by conditions. Photomicrographs are from a fluorescence stereomicroscope of the
cathode. (a) No deposition is observed when a low bulk pH (2) and low current density (2 A/m?) are used. (b) Thin, well-resolved
layers are deposited when a higher pH (5.5) and low current density (2 A/m?) are used. (c) Thick, less well-resolved hydrogels are
deposited when a higher pH (5.5) and high current density (50 A/m?) are used. Each deposition run was performed using 1.5% w/w
fluorescently labeled chitosan for 2 min. Each gold electrode was 1 mm wide and spaced 2 mm apart.

evolved at the cathode surface. As seen from Figure 1d,
the hydrogel could be inverted and it remained attached
to the electrode surface. The results in Figure 1 provide
visible evidence that chitosan-based hydrogels can be
deposited at the cathode surface in response to an applied
voltage.

The hydrogels could be stored in distilled water for
periods of up to 1 week with no noticeable changes in
structure. Longer periods of storage were not investigated.
When the hydrogels were stored in air, they were observed
to dehydrate over the course of 2—3 days.

Separate experiments were also performed in which
unlabeled chitosan (1.5% w/w; pH = 5.5) was deposited
onto the same electrodes for 1 h at 50 A/m2. After
deposition, the water content of the hydrogel was mea-
sured to be 98%, indicating that the deposited material
is a hydrogel. In another experiment, the deposited
material was collected and compressed to squeeze out the
fluid from the hydrogel matrix. We collected this fluid
and found the pH to exceed 11 (beyond the range that can
be confidently measured by our pH meter). This pH
measurement is consistent with Scheme 1b, in which it
is proposed that chitosan hydrogels are deposited in
response to a high localized pH near the cathode surface.

To test the hypothesis that hydrogel deposition at the
cathode surface results from a high localized pH (Scheme
1b), we investigated the effect of two parameters that
would be expected to have a significant effect on deposition
(i.e. current density and bulk pH). The rate of proton
consumption should be directly proportional to current
density, and thus the pH gradient is expected to become
steeper with increased current density. The bulk pH is
proposed to be important because a localized pH must
exceed 6.3 if chitosan is to become insoluble and deposit
at the surface. Experimentally, a patterned cathode and
an anode were immersed in a solution containing fluo-
rescently-labeled chitosan (1.5% w/w) for 2 min. For this
study we examined a region of the cathode containing two
parallel gold lines (1 mm wide) separated by a 2 mm space.
After deposition, the surface was rinsed and viewed using
a fluorescence microscope. The view field appears uni-
formly dark if no deposition of the fluorescently labeled
chitosan had occurred.

In experiment a, the bulk solution pH was low (pH =
2) and the current density was also low (2 A/m?). Both
conditions should suppress chitosan deposition. When the
electrode was viewed using a fluorescence microscope,
Figure 2a shows that no chitosan deposition was observed.
Itshould be noted that deposition could be observed under
these conditions if longer deposition times were used.

In experiment b, the bulk solution pH was increased to
5.5and the current density was maintained low at 2 A/m?.
Under this condition the pH gradient is expected to be
shallow although the pH value very close to the cathode
surface could exceed a value of 6.3, where chitosan becomes
insoluble. Figure 2b shows that a well-resolved layer of
fluorescently-labeled chitosan was deposited on the cath-
ode surface.

For experiment c, the bulk solution pH was high (pH
= 5.5) and the current density was also high at 50 A/m?.
This condition is expected to yield both a high localized
pH and a substantial gradient extending from the cathode
surface. Figure 2c shows that a diffuse deposit is observed
and pores resulting from the evolution of gas bubbles are
clearly visible. A larger number of pores are expected under
this condition because the higher current density leads to
greater hydrogen gas evolution. The “diffuseness” of the
image in Figure 2c is consistent with the deposition of a
thicker hydrogel under these conditions.

In summary, the results in Figure 2 support the
proposed hypothesis of Scheme 1b that chitosan deposition
results from a high localized pH. If conditions do not permit
the creation of a region of high localized pH, then no
deposition is observed (Figure 2a). If conditions favor a
narrow region of high pH immediately adjacent to the
cathode surface, then a thin chitosan deposit is observed
(Figure 2b). Finally, if conditions favor the creation of an
expanded region where the pH exceeds chitosan’s solubility
limit, then chitosan deposits as a thicker, more diffuse
hydrogel (Figure 2c).

Afinal experiment was performed to suggest a potential
use for hydrogel deposition. Specifically, we deposited a
“patterned” hydrogel to create a channel and barrier. In
this study, a hydrogel was deposited from a solution
containing chitosan (1.5% w/w; pH =5.5) onto a patterned
cathode consisting of 1 mm wide gold lines separated by
a 7 mm space. The deposition was carried out for 20 min
at a fixed current density of 50 A/m?. Figure 3a is an
inclined view of the deposited hydrogel and shows that
deposition occurred along the electrode lines. Although
some hydrogel was observed to extend past the edge of
the gold pattern onto the substrate, no deposition occurred
in the unpatterned space midway between the two
electrodes. In general, we observed that the lateral
resolution of the deposited hydrogel is inversely related
to the thickness of the deposit. Figure 3b shows a side
view of the deposited hydrogel. The thickness of the deposit
along each gold line (i.e. the height of the channel walls)
was estimated to be 3.5 mm, and the width of the hydrogel
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Figure 3. Assembly and disassembly of a chitosan-based hydrogel channel: (a) inclined and (b) side views of the chitosan hydrogel
deposited on the patterned cathode. Deposition was performed using 1.5% w/w chitosan of bulk pH = 5.5 for 20 min at a current
density of 50 A/m?. The thickness (i.e. height) and width of the hydrogel deposit were estimated to be 3.5 and 5.5 mm, respectively.
(c) Top view of the electrode surface photographed 15 min after the deposited hydrogel was treated with 1 M HCI and rinsed with
distilled water. The deposit was completely dissolved. Each gold electrode was 1 mm wide and spaced 7 mm apart.

was estimated to be 5.5 mm. The width of the channel at
the base between the hydrogel walls was estimated to be
1.5 mm.

An interesting, and potentially important, feature of
chitosan is that its pH-responsive solubility allows chi-
tosan-based structures to be “disassembled” by a mild acid
treatment. This disassembly is demonstrated in Figure
3c which shows the cathode surface after the chitosan
hydrogel deposit was treated with 1 M HCI for 15 min and
then rinsed with distilled water. This treatment com-
pletely dissolved the chitosan hydrogel from the surface.
Chitosan deposits could also be removed using milder acid
treatments if longer times were allowed. The results in
Figure 3 demonstrate that chitosan hydrogels can be
deposited in a spatially selective manner to create
semipermanent structures and that these structures can
be disassembled.

Conclusions

We report that chitosan-based hydrogels can be de-
posited at a cathode surface in response to an applied
voltage. Experimental results support the hypothesis that
the hydrogel deposits at the cathode surface in response
to the localized pH gradient that results from the
electrochemical hydrogen evolution reaction. These hy-
drogels persist in aqueous solution under neutral or basic
conditions but can be readily removed from the surface
by treatment with mild acid.

We believe these observations are potentially important
for three reasons. First, electrochemical deposition may
provide an alternative method for generating hydrogels
at specific locations within miniaturized devices. There is
a growing interest in integrating hydrogels into minia-
turized systems (e.g. microelectromechanical systems,
MEMS), yet there are few methods available for generating
localized hydrogels in such systems. Most studies employ
photoinitiated polymerization reactions to generate hy-

drogels. To our knowledge, this is the first report on the
deposition of a hydrogel in response to an electrochemi-
cally-generated pH gradient.

The second reason we believe these observations are
potentially important is that the deposition procedure is
simple and gentle, and could be performed with sensitive
biological systems (e.g. cells). Specifically, chitosan is a
polysaccharide that has been reported to be biocompat-
ible.?8 Further, chitosan’s transition from solubility-to-
insolubility occurs at pH values at, or near, physiological
conditions, suggesting that chitosan’s “smart” properties
are well-suited for biological applications.

Finally, chitosan’s pH-responsive properties may be
useful in devices. For instance, the ability to “disassemble”
chitosan hydrogels by mild acid treatment suggests their
utility as single-use valves?® or controlled release sys-
tems.® Additionally, if the deposited chitosan hydrogels
are further cross-linked to prevent them from dissolving,
then it might be possible to generate gels with pH-
responsive swelling properties. Because chitosan is basic,
its pH-responsive swelling properties would complement
those properties from acidic gels (i.e. cross-linked chitosan
hydrogels would swell at low pH while cross-linked acrylic
acid hydrogels swell at high pH).
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