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Hydrogels, i.e., water-swollen polymer networks, have been studied and utilized for decades. These
materials can either passively support mass transport, or can actively respond in their swelling prop-
erties, enabling modulation of mass and fluid transport, and chemomechanical actuation. Response
rates increase with decreasing hydrogel dimension. In this paper, we present three examples where
incorporation of hydrogels into solid microstructures permits acceleration of their response, and also
provides novel functional capabilities. In the first example, a hydrogel is immobilized inside micro-
fabricated pores within a thin silicon membrane. This hydrogel does not have a swelling response
under the conditions investigated, but under proper conditions it can be utilized as a part of an
electrolytic diode. In the second example, hydrogels are polymerized under microcantilever beams,
and their swelling response to pH or glucose concentration causes variable deflection of the beam,
observable under a microscope. In the third example, swelling and shrinking of a hydrogel embed-
ded in a microfabricated valve structure leads to chemical gating of fluid motion through that valve.
In all cases, the small size of the system enhances its response rate.

Keywords: Hydrogels, Micromechanics, Microfluidics, Electrolyte Diode, Microcantilever,
Microvalve, Microsensing, Drug Delivery.

1. INTRODUCTION Depending on a hydrogel’s structure and chemical compo-
sition, its dimensions can change in response to alterations
in environmental temperature,!'™'3 pH,'*' ionic stren-
gth, 202! electric field,”>?* magnetic field,?* light,>2° or
concentration of specific analytes.?’~° When mechanically
constrained, responsive hydrogels exert swelling forces on
the constraining structures. A hydrogel’s response may be
continuous or discrete, depending on the nature of the
hydrogel and the applied stimulus.’! It has been shown
that discrete changes in hydrogel swelling are first order
phase transitions, analogous to gas-liquid transitions.*?
The responsiveness of hydrogels to environmental stim-

Hydrogels are crosslinked polymer networks that absorb
water, or swell. These materials display properties charac-
teristic of both solids and liquids. Like solids, hydrogels
recover their initial shape following release from defor-
mation. Like liquids, however, hydrogels can support
fluid convection and diffusion of solutes that are small
enough to fit within the mesh defined by the polymer
and crosslinks. Biological connective tissues such as car-
tilage, corneal stroma, and basement membrane are essen-
tially hydrogels consisting of the fibrous protein collagen,

and proteoglycans.!~> Synthetic hydrogels have found util-
ity as soft contact lenses,** ion exchangers,®’ stationary
chromatography phases,® substrates for enzyme immobi-
lization,” and as components of drug delivery systems.!°
A remarkable property of certain hydrogels is their
responsiveness to changes in the external environment.

*Author to whom correspondence should be addressed.
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uli has motivated research into their applications as
components of sensors and actuators, including artificial
muscles,*>3* pH-, temperature- and glucose sensors,?® 3
environmentally-triggered drug delivery devices, ! 36
and flow-control valves. Utilization of stimuli-responsive
hydrogels in separation processes has also been explo-
red.®# % Realization of many of these applications has
been stalled, however, due to mechanical weakness of

1533-4880/2007/7/780/010 doi:10.1166/jnn.2007.513
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hydrogels, and sluggishness of response. Furthermore, just
as an isolated muscle can contract but perform little useful
work unless it is attached to a solid bony structure, it may
be difficult to exploit the thermo- or chemomechanical
responsiveness of a hydrogel unless it is integrated into or
onto a solid framework.

The mechanical weakness problem is attributed primar-
ily to heterogeneity of crosslinked network structure, lead-
ing to rapid formation and propagation of breakages.*
Three solutions to this problem have been proposed
recently:

(1) inclusion of a second network that dissipates stress
produced at breakage points;*’

(2) deleting tetrafunctional divinyl crosslinkers from the
pregel solution and including exfoliated clay nanoplates,
which adsorb the polymerization initiator and therefore
become polyfunctional crosslink sites;*® and

(3) synthesizing hydrogels with sliding, rotaxane-based
crosslinks.*

These techniques have been explored with particular sys-
tems, and much work remains to determine whether they
can be generalized and applied routinely.

Swelling and deswelling dynamics of a hydrogel are
governed by osmotic, elastic, and viscous stresses that
arise when the external environment is altered. It has been
shown that these dynamics are governed by a diffusion-
like equation, where the “diffusivity” is related to the elas-
tic modulus of the polymer network and its fluid (Darcy)
permeability.’>>? Consequently, characteristic times for
hydrogel swelling and deswelling scale as the square of
the smallest gel dimension. The same scaling relation
applies for diffusion of solutes through or out of a hydro-
gel, although here the relevant diffusivity corresponds to
restricted Brownian motion of solute inside the :hydsated
polymer network.>*7 Thus, while millimeter-sized hydro-

gels respond on time scales of hours or days to changes in"

external environment, micron- or submicron-sized|hydro-
gels respond nearly instantaneously, or within seconds.
Unfortunately, size-reduction also reduces loading capac-
ity of individual hydrogels for releasable solutes, which
may be a disadvantage when multiple cycles of solute
release and retention are desired. (This latter problem may
be obviated by incorporation of micro- or nanogels into a
matrix, however.):>

In this paper, we present three examples in which
micron-scale hydrogels are integrated into solid or elastic
microstructures, leading to rapid response and novel func-
tion. In the first example, a microgel spans a thin, solid
membrane structure, and serves as a medium supporting
ion migration when an electric field is imposed. Under
proper conditions, a rectified, diode-like current—voltage
characteristic is achieved. In the second example, expan-
sion and contraction of a microgel in response to chemical
stimuli causes distortion of a microcantilever beam. In
the third example, similar chemomechanical response of a
microgel is used to open and shut a microfluidic valve.

J. Nanosci. Nanotechnol. 7, 780-789, 2007

2. MICROELECTROCHEMICAL RECTIFIER

While electrons and holes carry currents in metals and
semiconductors, conduction in aqueous solutions is due
to drift of cations from anode to cathode, and anions in
the opposite direction. The conductance of an electrolyte
solution is proportional to the concentrations and electrical
mobilities of the constituent ions.

When a neutrally charged hydrogel, swollen in pure
water, is interposed between two well-stirred salt solutions
of equal concentration, and a voltage is imposed between
the two solutions, with electrodes close to the hydrogel
surfaces, the resistance will be high initially, since the only
ions in the hydrogel that can drift are Ht and OH~ formed
by dissociation of water. Over time, however, salt ions dif-
fuse into the hydrogel, lowering resistance and permitting
current to flow. In addition to diffusion, the electric field
drives cations into the gel from the anodic side, and anions
from the cathodic side. The final current—voltage character-
istic-is-expected to be linear in this case, with conductance
increasing with salt concentration. For a hydrogel of given
composition and structure, the characteristic time for equi-
libration-of ‘salt in the hydrogel, and establishment of final
current value, is proportional to the square of the hydrogel
thickness.

Suppose now that the hydrogel is exposed on one side
to a basic aqueous solution. BOH, which dissociates into
OH= and a cation BT, while the other side is exposed to
an aqueous acidic solution, HA, which dissociates into H*
and an anion, A~. In this case, the final current—voltage
characteristic is expected to be asymmetric, by a mecha-
nism illustrated in Figure 1. When the anode is on the basic
solution side and the cathode is on the acidic solution side
(forv&_/arfi bias), the hydrogel will be conductive since the
electricfield favors entry of both A~ and B*. The opposite
polarity (reverse bias), however, favors removal of A~ and
B+| from the hydrogel and entry of H" and OH™. The latter
ions predominantly recombine to form H,O, however, so
the overall concentration of ionic carriers in the hydrogel

Fig. 1. Operating principle for hydrogel-based electrolytic diode. Acid
AH dissociates to H* and anion A~. Base BOH dissociates to OH™ and
cation B*. Top: forward bias. Bottom: reverse bias.
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decreases, and so does the conductance. At a high reverse
bias, a narrow zone appears in the hydrogel containing
almost no ions, and the limiting conductance will be very
low. At low positive and negative voltages, diffusive equi-
libration of A~ and B* will also contribute to conductance.
The rectification of current predicted by this mechanism
resembles that seen in pn semiconductor junction diodes,
although in the present case there are four mobile charge
carriers instead of two.

Previous work on this system involved a poly
(vinyl alcohol) (PVA) hydrogel crosslinked with glutar-
aldehyde.*-%2 The hydrogel was synthesized as a cylinder
that was inserted into a narrow, 0.7 mm diameter bore
through a polyvinylchloride (PVC) disk of thickness
3.2 mm. This disk separated the two electrolyte chambers.
With this system, typically 30-50 min was required for
current to reach its stationary value after a change in volt-
age between chambers. In order to speed up response,
we polymerized a hydrogel inside a hard microfabricated
structure consisting of a 5 x 5 array of annular pores
(140 pm diameter) etched into a thin (100 wm thick) mem-
brane derived from a silicon wafer. In the center of each
pore was a post (40 um diameter) that was linked to the
outer pore wall by miniature silicon tethers, with four teth-
ers on each end of the pore in a “wagon wheel” configu-
ration. Details of fabrication of the tethered microstructure
appear elsewhere.*% A scanning electron micrograph of
the structure appears in Figure 2(a).

For the present measurements, a poly(n-isopropyl-
acrylamide) (pNIPA) hydrogel crosslinked with N,N’-
methylenebisacrylamide (Bis) was polymerized into the
annular gap. The recipe for the hydrogel is given in
Table TA. While this hydrogel shrinks at temperatures
above 33 °C, it remained completely swollen, ﬁlli];lg the
gap, throughout the present experiments, which were con-
ducted at room temperature. Figure 2(b) is a micerograph
of hydrogels inside the annular micropores. :

To measure the current—voltage characteristic, the silicon
membrane was bonded with epoxy glue into poly (vinyl-
chloride) (PVC) disk similar to that described previously,
with care taken to prevent blockage of the annular micro-
pores. The resulting composite, shown in Figures 2(c, d),
was mounted into an electrochemical cell, one chamber
(half-cell) containing 0.1 M NH,OH, and the other contain-
ing 0.1 M CH,COOH. A schematic of the cell is shown in
Figure 3. Current (platinum) and voltage (Ag/AgCl) elec-
trodes were introduced into the half-cells, and the solu-
tions filling the chambers were mechanically stirred. Rapid
drainage and replenishment of the chamber solutions, and
separation of these solutions from the current electrodes by
polyurethane foam minimized the accumulation of hydrol-
ysis products. Liquid junction potentials in the voltage-
measuring electrodes were suppressed by appropriate salt
bridges.> Current was controlled by a Keithley 2410
SourceMeter, and voltage across the hydrogel was mea-
sured with a high-impedance Keithley 2000 multimeter.
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Fig. 2. (a) SEM of annular pore microstructure, with central post sus-
pended by two sets of four tethers connecting it to outer pore wall.
(b) Light micrograph of tethered microstructures containing hydrogels.
(c) Front view of 5 x 5 array of tethered microstructures embedded in
PVC disk. (d) Rear view, magnified, corresponding to (c). Panels (a) and
(b) Reprinted with permission from [63], A. Baldi et al., Sens. Actua-
tors B 114, 9 (2006). © 2006, Elsevier.

J. Nanosci. Nanotechnol. 7, 780-789, 2007
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Table I. Hydrogel recipes. All polymerizations were carried out at room
temperature.

A. p(NIPA) for microelectrochemical rectifier
Pre-gel solution was composed of 100:1:1000 (w/w/w)
n-isoproplyacrylamide (NIPA)/methylenebisacrylamide
(Bis:crosslinker)/(deionized water). Polymerization was initiated with
an (ammonium persulfate)/(N,N,N',N'-tetracthylmethylenediamine)
(APS/TEMED:initiator/accelerator) redox couple.

B. p(MAA-co-AAm) for microcantilever-based pH sensor
Pre-gel solution was composed of 167.5 mg AAm, 50.0 ul MAA,
2.0 ul ethylene glycol dimethacrylate (EGDMA) as crosslinker,

1.1 mg APS, and 25 ul TEMED, all dissolved in 0.7 ml
deionized water.

C. p(MPBA-co-AAm) for microcantilever-based glucose sensor
Pre-gel solution was composed of 52 mg methacrylamidophenyl-
boronic acid (MPBA), 0.5 mg Bis, 0.5 mg APS, and 5 ul TEMED,
all dissolved in 0.7 ml deionized water.

D. p(MAA-co-AAm) for pH-sensitive microvalve
Pre-gel solution was composed of 250 mg AAm, 25.0 ul MAA,

1.3 ul EGDMA, 1.1 mg APS, and 13.2 ul TEMED, all dissolved in
0.7 ml deionized water.

Figure 4 displays a current—voltage characteristic mea-
sured with the microstructured silicon-hydrogel compos-
ite. As predicted, the characteristic exhibits/ diode-like
rectification. This feature was previously observed with
the larger, thicker hydrogels.®> However, stationarity was
achieved within 2-3 min in external conditions in the
microstructured systems, much more rapidly than with the
previous configuration (~50 min). We note that the reduc-
tion in time-to-steady state would have been reduced even
more dramatically if the thickness-squared scaling relation
held (see above). Since the silicon membrane was thinner
than the PVC disk holder (100 wm versus 3.2 mm), it is
conceivable that hydrodynamic and/or chemical diffusion

|
PE P/M | |

CE

VE

Fig. 3. Four-electrode electrochemical cell used to measure current—
voltage characteristic of hydrogels embedded in tethered microstructures,
separating solutions of different ionic composition. Solutions flow into
half cells, which are magnetically stirred. Solutions exit through com-
partments containing current electrodes, separated from the half-cells by
porous polyurethane foam, which minimizes half-cell solution contami-
nation by electrode hydrolysis products. I—current source; U—voltage
meter; CE—current electrode; VE—voltage electrode with salt bridge;
P/M—microstructure containing hydrogels, embedded in PVC holder;
PF—polyurethane foam. Modified with permission from [62], K. Ivdn
et al., J. Chem. Phys. 123, 164510 (2005). © 2005, American Institute
of Physics.

J. Nanosci. Nanotechnol. 7, 780-789, 2007
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Fig. 4. Example of current—voltage characteristic of array of hydrogels
embedded in tethered microstructues (Fig. 2c), as measured in four-
electrode electrochemical cell (Fig. 3). Rectification of current due to
acid and base in‘separate adjoining half-cells is demonstrated.

boundary, layers may have limited electrodiffusion of elec-
trolytes into and out of the hydrogel (i.e., film control of
transport).

Small stray currents were detected in controls with
no micropores (nonporous silicon membranes of identical
thickness to the microporous membranes). These currents
were believed to be caused by electrochemical reactions at
the silicon/electrolyte interfaces. Attempts to eliminate the
stray currents by plasma-enhanced chemical vapor deposi-
tion (PECVD) of insulating oxide layers on the membrane
surfaces were not completely successful. Since PECVD
produces oxide layers with pinhole defects, however, it

\is.not possible to completely dismiss the electrochemical

reaction hypothesis. Similarly, a small current drift was
detected with prolonged exposure at constant voltage. The
stray-and drift currents were typically much smaller than
the currents reported in Figure 4.

3. MICROCANTILEVER-BASED pH AND
GLUCOSE SENSORS

A number of research groups have, in the past several
years, described microcantilever-based sensors. For exam-
ple, bonding of antibodies to microcantilevers permits
detection of their respective antigens, either by observ-
ing small stress-induced deflection by optical or electrical
means, or by monitoring changes in vibration frequency
of the microcantilever.®® Recently, it was shown that by
binding a pH-sensitive hydrogel to the top of the microcan-
tilever, deflections could also be detected. Such deflections
could be due to changes in mass, or to stresses transferred
to the cantilever from the swelling or shrinking hydrogel.%®

In a previous contribution, we demonstrated a technique
for patterning stimuli-sensitive hydrogels on silicon sur-
faces with resolution down to 2 wm. Unlike other groups
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Fig. 5. Schematic of microcantilever with environmentally-sensitive
hydrogel underneath.

that have used prepatterning of hydrophilic and hydropho-
bic surfaces onto the silicon, followed by introduction and
polymerization of hydrogel ingredients in aqueous solu-
tion, we etched patterns on a continuous layer of dried
hydrogel that had been previously synthesized onto a uni-
formly functionalized silicon surface. In a variation of
our technique, we were able to produce patterned hydro-
gels topped by thin, reflective aluminum surfaces. Changes
in hydrogel thickness in response to thermal or chemical
changes in the environment could therefore be monitored
optically. As will be shown, a similar patterning tech-
nique can be used to produce microcantilevers, with the
responsive hydrogels located between the beams and the
silicon substrate, as illustrated in Figure 5. This configu-
ration enables greater force transfer from the hydrogel to
the beam, and higher sensitivity.

The microfabrication process is shown in Figure 6.
A silicon-on-insulator (SOI) wafer was spin-coated with a
layer of photoresist, which was then patterned under a mask
(Fig. 6(a)). Deep reactive ion etching (DRIE) was then used
to etch the top silicon layer (Fig. 6(b)). Subsequently the
buried oxide was removed in a HF/NH,F buffered, oxide
etchant for specified times to release the microcantilevers
of desired beam overhang length (Fig. 6(c)). The wafer
was then cleaned sequentially in acetone, piranha selution,
buffered oxide etchant, and deionized water, followed by
critical point drying to avoid stiction.

Pre-gel solution was dispensed on top of the device in
a vacuum chamber in order to assure complete filling of
the pre-gel solution underneath the microcantilevers. The
vacuum was subsequently released to push the solution
below the cantilevers by air pressure. The pre-gel solution
was then clamped between the micromachined wafer and a
silanized glass wafer (Fig. 6(d)). After 30 min of polymer-
ization at room temperature, the wafers were separated,
with the hydrogel remaining on the silicon wafer. The
hydrogel was then dehydrated in acetone and subjected
to reactive ion etching (RIE) in an oxygen environment
(Fig. 6(e)). During this stage, the patterned microcantilever
beams served as a shadow mask, preventing etch of the
underlying hydrogel.

Two kinds of hydrogel were loaded into the device:
poly(methacrylic acid-co-acrylamide) [p(MAA-co-AAm):
for recipe see Table IB], which is pH sensitive, and
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(b)

(e)

Fig, 6. ' Microfabrication process for microcantilever/hydrogel. (a) Pat-
terning of photoresist under mask. (b) DRIE etch of top silicon layer.
(c) Undercut of top silicon layer by chemical etch of oxide layer, releas-
ing microcantilevers. (d) Loading of pregel solution (under vacuum).
Pregel is confined under silanized glass and polymerized. (¢) Removal of
hydrogel except under microcantilevers by oxygen RIE.

poly(methylacrylamidophenylboronic acid-co-acrylamide)
[p(MPBA-co-AAm): for recipe see Table IC], which is
both pH and glucose sensitive.

Figure 7 shows SEM images of microcantilever beams
with underlying hydrogels in the dehydrated state. The
beams were 500 um long, 20 um wide, and 2 um thick.
The thickness of the dried hydrogel film was determined
to be approximately 1.3 wm by the SEM image.

After fabrication, the device was equilibrated in phos-
phate buffered saline (PBS) with different pH values and
glucose concentrations, and microcantilever deflection was
measured using an optical microscope focused on the
beam tip, and referenced to the lower, etched surface of
the silicon. This optical method had 1 wm resolution.

J. Nanosci. Nanotechnol. 7, 780-789, 2007
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Fig. 7. SEM image of array of microcantilevers. Inset shows dried
hydrogel below cantilever beam.

The beams displayed baseline deflection due to the
swelling of the dried hydrogel, even before exposure to
conditions leading to greater swelling.

Equilibrium deflections of the device with p(mAA-co-
AAm) hydrogel in different pH buffer solutions are shown
in Figure 8(a). Stationary displacement of the cantilc?vlers
with this hydrogel was achieved within ten seconds ‘upon
change of solution pH. The maximum measured deflection
was 42 um at pH 7.4, and the slope of the curve in the
linear response range (pH 3.0 to 6.5) was about 7.2 um/pH
unit. This range correlates well with the volume transition
range of a free-swelling cylindrical p(mAA-co-AAm) gel
of similar composition, as shown in Figure 8(a).

Figure 8(b) shows the glucose response of the micro-
cantilever over the p(MPBA-co-AAm) hydrogel, measured
at pH 7.4. A slope of about (0.1 wm deflection)/(mM glu-
cose) over the range 0-40 mM was observed. Response
to changes in glucose concentration was somewhat more
sluggish than for changes in pH (with the different hydro-
gels), probably because glucose diffuses more slowly than
hydrogen ion.

The optical method used was crude in its resolution.
Superior (e.g., 1 nm) resolution could be achieved using
AFM or laser reflection or interferometric techniques, but
these were not explored in the present work. It should be
noted that a thousandfold increase in resolution may not
be necessary in practice, given the required sensitivities
and the presence of “noise” due to interfering analytes.

J. Nanosci. Nanotechnol. 7, 780-789, 2007
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Fig. 8. (a) Effect of pH on microcantilever deflection as a function of
pH in PBS solutions at room temperature. Hydrogel is p(MAA-co-AAm).
Also shown is free swelling profile of same hydrogel as function of
pH. (b) Effect of glucose concentration on microcantilever deflection in
pH 7.4 PBS. Hydrogel is p(MPBA-co-AAm).

For the p(MPBA-co-AAm) hydrogel, interfering species
may include small sugars (e.g., fructose, mannose, man-
28, 67-69
Furthery the joint sensitivity of this hydrogel to pH and
glucose implies that these signals will interfere with each
other. Thus a shift in pH will alter response to glucose. The
impact of these interferences on selectivity will depend
on the presence and fluctuations in concentrations of the
interfering species, along with the relative binding affini-
ties of the various species to the MPBA moiety. Selectivity
problems might be mitigated using an array of microcan-
tilevers, with hydrogels exhibiting differing binding and
response profiles to the potentially present analytes, and
with readout and post-processing of array response. For
example, pH-glucose interference might be handled using
two microcantilevers, one with p(MPBA-co-AAm), and
the other with p(MAA-co-AAm).

4. ANALYTE-CONTROLLED MICROVALVE

As indicated previously, researchers have been attempt-
ing to exploit stimuli-sensitive hydrogels to control drug
release for at least two decades. Major difficulties have
arisen due to capacity limitations, size-response tradeoffs,
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and mechanical weakness of hydrogels, however. These
problems can be circumvented by rendering the hydro-
gel as a component of an integrated system. For example,
rapid gating of flow has been demonstrated in microflu-
idic networks using micron-dimensioned pH-sensitive
hydrogels.”®7® These hydrogels either swell to fill channels
or channel junctions, or shrink away from the channel/
junction walls, depending on the pH of the solution
flowing through one of the channels impinging on the
hydrogel. All channels are in the same plane in these
microfluidic systems. In a second example, the tethered
microstructures described previously can be filled with
temperature-, pH-, or glucose sensitive hydrogels, and
shrinkage and reswelling of these hydrogels due to these
stimuli can be used to gate fluid flow perpendicular to
the plane of the chip containing the microstructures.5 %
Both of these structures could be used, in principle, to gate
the flow of drug solutions stored in pressurized reservoirs,
eliminating the need for a thick hydrogel. In both cases,
the hard microstructures provide a substrate against which
the hydrogel deforms and exerts its gating action.

Here we describe a microvalve that can gate flow of a
drug solution through a microfluidic channel as a result
of swelling and deswelling of a hydrogel, which receives
its “instructions” by diffusion of an external analyte. We
use hydrogen ion (pH change) as a model analyte and
pP(MAA-co-AAm) as the hydrogel. The present system is
reminiscent of a microvalve that was described previously
by our group, but fabrication is simplified.”* An interesting
feature is that both hard and soft materials are used in the
mechanical substrate against which the hydrogel swells or
shrinks.

As shown in Figure 9(a), the microvalve consists of
three layered components. A flexible diaphragm.made of
polydimethylsiloxane (PDMS, a.k.a. silicone rubber) is
clamped between a stiff but porous silicon membrane and a
microfluidic channel with inlet and outlet ports. Thejmicro-
channel and ports are machined into a silicon chip. The top
of the diaphragm contains an indentation into which the
hydrogel is polymerized. The bottom of the diaphragm has
a protrusion, or “boss,” that projects into the microchan-
nel. Pores in the top membrane permit diffusion of small
solutes and the flow of water into and out of the hydrogel,
but the hydrogel is confined between the membrane and
the soft silicone diaphragm. Thus any changes in hydro-
gel swelling due to changes in the external solution are
manifested by vertical motion of the diaphragm and boss.

The operating mechanism of the microvalve is illus-
trated in Figure 9(b). When external solution conditions
favor hydrogel swelling, the diaphragm and boss are
pushed downwards, closing off the flow inlet. When the
hydrogel is caused to shrink by the external stimulus, the
diaphragm and boss retract, permitting fluid flow. Note
that the swelling of the hydrogel and downward deflec-
tion of the diaphragm requires that the swelling pressure
of the hydrogel exceeds the overpressure of the fluid in the
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(b)

Fig. 9. (a) Schematic of structure of microvalve. (b) Operating princi-
ple of microvalve. When external conditions favor unswollen hydrogel,
flow channel is open. When hydrogel develops swelling pressure due to
external conditions, diaphragm and boss are pushed downward, closing
the flow channel.

microchannel. The mechanical stress due to stretching of
the diaphragm is negligible.

Figure 10 outlines the fabrication process of the
microvalve. A 2 pum thick layer of silicon nitride was
deposited on both sides of a silicon wafer. The backside
was patterned and KOH etched (450 um deep) to define
the microvalve inlet and outlet (Fig. 10(a)). The top side
was patterned (Fig. 10(b)) and DRIE etched to form a
50 wm-deep microchannel connecting the inlet and out-
let (Fig. 10(c)). The bottom of the microchannel was then
silanized to prevent later stiction with the PDMS boss.

The PDMS diaphragm/boss was fabricated using two
molds (Fig. 10(d)). The first mold was a silicon wafer

J. Nanosci. Nanotechnol. 7, 780-789, 2007
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(a)

(b)

(©

(d)

(e)

Fig. 10. Construction of microvalve. (a) Deposition of silicon nitride,
patterning of backside, and KOH of inlet and outlet ports. (b) Patterning
of front side. (c) DRIE etch of front to form microchannel. (d) Casting of
PDMS diaphragm/boss between molds. (e) Assembly of microvalve from
rigid microporous membrane (top), PDMS diaphragm/boss (middle), and
silicon microvalve (bottom).

with a 2 mm x 2 mm x 20 um DRIE-etched cavity defin-
ing the boss. The second mold was a glass slide with a
3 mm x 3 mm x 155 wm projection defining the hydrogel
cavity. Both molds were spin-coated with a thin layer of
photoresist to assure detachment of the PDMS dlaphragm
after curing. To cast the diaphragm/boss, a degassed mix- |
ture of the two components of a Sylgard™ 184 elastomer
kit was introduced between the molds and allowed to cure.
The diaphragm/boss was then detached from the molds
using acetone.

The rigid porous silicon membrane was fabricated by
DRIE etching a 100 um silicon wafer under a mask con-
sisting of an array of 20 wm holes. A thin layer (0.5 wm)
of PECVD oxide was then deposited on both sides of this
membrane to render its surface hydrophilic.

The three layers of the microvalve (rigid porous mem-
brane, diaphragm/boss, and microchannel) were assem-
bled with silicone-based adhesive and cured overnight
(Fig. 10(e)). The completely assembled device had over-
all dimensions 10 x 10 x 0.75 mm?®. Microchannel depth
was 50 um and the boss height was 20 um, leaving a
30 wm gap for fluid flow when the hydrogel was retracted.
Figure 11 shows the microchannel etched into the bottom,
silicon layer, featuring the inlet and outlet ports.

To load the hydrogel into the microcavity between
the porous plate and the diaphragm, pre-gel solution

J. Nanosci. Nanotechnol. 7, 780-789, 2007

Inlet orifice

\ Outlet

Microchannel ——»

Silicon

Fig. 11.  Silicon microchannel (bottom layer of microvalve), with inlet
and outlet ports.

(for recipe see Table ID) was dispensed on top of the
porous. plate under vacuum. Subsequently, the vacuum
was released, and air pressure forced the pre-gel solution
into the cavity. Following polymerization, excess hydro-
gel above the porous plate was stripped off with a razor
blade.

The p(mAA-co-AAm) hydrogel in this device contained
a smaller fraction of carboxyl groups (MAA) and cross-
linker (EGDMA) than the hydrogel used in the microcan-
tilever studies (Table IB). To study the relative effects of
these compositional changes on the hydrogel’s swelling,
a gel cylinder of the new composition (Table ID) was
synthesized inside a glass capillary, and its equilibrium

I swelling was measured as a function of pH in PBS at room

temperature. Results are shown in Figure 12. The linear
dimension of the hydrogel in response to pH changes from
3'to 7 increased by 30%, less than the 90% increase in

1.4

Scaled Diameter Change

0.9 T T T T T

pH

Fig. 12. Free swelling of cylindrical hydrogel as function of pH for
pP(MAA-co-AAm) with pre-gel recipe specified in Table ID.

787



Integration of Hydrogels with Hard and Soft Microstructures

Lei et al.

160
120

Flow Rate (ul/min)
o]
o

N
o

‘
N w ES (6] [¢) ~ [ee]
pH

o

Time (min)

Fig. 13. Flow response of microvalve to alternation of external pH
between pH 3.0 and 7.0 in PBS, at room temperature.

the other hydrogel’s linear dimension seen under similar
conditions (Fig. 8(a)). Since reduced crosslink density
should lead to increased swelling, we conclude that the
effect of reduced density of ionizable MAA groups was
dominant.

To test the pH-sensitive microvalve, the inlet was con-
nected via flexible polyethylene tubing to a column con-
taining distilled water of constant height 60 mm, while
the outlet was connected by similar tubing to horizontally-
oriented, graduated glass tubing, level with the microvalve.
A small port between the polyethylene and glass tubing
permitted injection of air bubbles, whose movement was
used to determine flow rate. The microvalve was alter-
nately submerged in magnetically-stirred PBS solutions
with pH 3.0 (acidic) and 7.0 (neutral), at room temperature.

Figure 13 shows the flow rate of the microvalye in
response to pH changes. Flow rates reach steady state
within about 3.6 minutes after pH change, and were repeat-
able within a few wl/min. At pH 3.0, the hydrogel was
uncharged and collapsed, so the valve was open. An aver-
age flow of about 220 ul/min was observed in this case. At
pH 7.4, the hydrogel was swollen, pushing the Boss into
the inlet. Notice however that the valve did not shut off
completely—there was a residual flow of about 10, wl/min.
This flow might be attributed either to imperfect clo-
sure of the inlet by the boss (i.e. leakage), or to insuffi-
cient swelling pressure generated in the hydrogel to clamp
the boss completely against the fluid back-pressure. For
comparison, the previously constructed microvalve with a
solid-state silicon boss shut off flow completely, but was
slower to respond than the present design.’

While in the present study we focused on pH-sensitivity,
a change in hydrogel chemistry could render the micro-
valve responsive to changes in glucose concentration
(using p(MPBA-co-AAm) hydrogel), temperature (using
p(NIPA) hydrogel), or concentration of any other analytes
that can effect hydrogel swelling. A glucose sensitive
microvalve might be considered for closed-loop delivery
of insulin in the treatment of Type I diabetes.

In principle, the response time of the valve could be
improved by either narrowing the gap between the boss
and the inlet valve, or by reducing thickness of the stiff
porous membrane and/or hydrogel. In fact, a thinner
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hydrogel would also require a narrower gap, since the
hydrogel’s ability to clamp down on the inlet (i.e., its
swelling pressure) depends on its swelling ratio. Reduction
of thickness of the microporous membrane will ultimately
be limited by its ability to withstand hydrogel swelling
pressures. It should also be noted that response time may
be faster for temperature-sensitive microvalves of simi-
lar construction, since heat diffuses faster than molecules,
while the slower diffusivity of glucose than for H* should
lead to slower hydrogel swelling, and hence more sluggish
valve response to changes in glucose level.

5. CONCLUSIONS

The three examples presented here demonstrate that hydro-
gels can be embedding within microstructures, and that
hydrogel function can be improved by such immobiliza-
tion. The microstructures contain hard (silicon) and/or soft
(PDMS) elements. Advantages of embedding include

(1) the hydrogel can be placed permanently in a definite
location where it can perform its task repeatedly,

(2) hydrogel mechanical failure may become less of an
issue when the primary action is swelling against a well-
defined structure, and

(3) reduced size leads to faster mass transfer and chemo-
mechanical response.

While we were able to show relatively rapid response in
all three 'systems studied, it should be noted that with
the small device and hydrogel dimensions, response rates
could be limited by external fluid and mass transfer bound-
ary layers. Further acceleration of response might be
achieved by more vigorous agitation or stirring of the

external environment, when possible.

Response specificity may be an issue, since individ-
ual hydrogels can respond to multiple stimuli. The small
size of the considered systems suggests that this prob-
lem might be approached by array techniques. In some
cases, improved specificity might be engineered into the
system by chemical redesign of the hydrogels’ responsive
elements.”
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