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In this tutorial review the use of stimulus-sensitive hydrogels as sensors and actuators for (micro)anaytical
applications is discussed. The first part of the article is aimed at making the reader familiar with stimulus-sensitive
hydrogels, their chemical composition and their chemo-physical behavior. The prior art in the field, that comprises
a number of sensors ranging from metal ion-sensitive sensors to antigen-sensitive sensors and a few actuators, is
also treated in this part. The second part of the article focusses on the use of stimulus-sensitive hydrogels for
microsensors and microactuators as well as their application in micro total analysis systems. The benefits of
stimulus-sensitive hydrogels, their miniaturisation and the use of 365 nm UV-photolithography as a fast

economical manufacturing technique are discussed.

I ntroduction

Stimulus-sensitive hydrogels are water-filled polymers which
undergo large volume changes in response to small changesin
so-caled stimuli. Stimuli include pH,® temperature,! ion
concentration,2 electrical field,3 solvent composition® and
light.4

The unique behavior of these hydrogels has been researched
intensively and used for a large number of applications.
Stimulus-sensitive hydrogels have been tested for: biosepara-
tion,56 drug delivery,8.7:8.9.10 hiomedi cal applications,!! sensors
and actuators.

The scope of this review is limited to the use of stimulus-
sensitive hydrogels for sensor and actuator purposes. Fur-
thermore the use of these hydrogelsin the microanalysisfield is
emphasized. For information on the other subjects the reader is
referred to the articles mentioned above.

Gel-based sensorsinclude ion-sensitive sensors for dissolved
ions like Ba2* and Na*,12 antigen sensitive sensors,13 enzyme
sensors,12 pH sensorst4 and gas sensors.15 Gel-based actuators
have been used for: artificial muscles,’6 microvalves,17:18 pH
controllerst® and blood microsamplers.20

Itistheaim of thistutorial review to give areader, whoisnew
to this field, a basic understanding of stimulus-sensitive

hydrogels and explain why these gels can be used as sensorsand
actuators. Special attention isgiven to the use of these hydrogels
in the novel field of micro total analysis systems (uTAS).

The chemistry and physics behind
stimulus-sensitive hydrogels

A hydrogel consists of a polymer matrix containing water. The
amount of water in the polymer matrix can bevery largeand can
reach values of 99% by weight.2t

The polymer matrix is made up of a very large number of
long molecular chains, also caled backbones, which are held
together by interconnections between these chains, called
crosslinks. The crosslinks keep the chainsin the polymer matrix
together, thus circumventing the dissolution of the long
molecular chains and increase the mechanical stability of the
hydrogel. The physics behind the effect of the gel network
composition on the mechanical properties of the network have
been investigated by Flory and Rehner,2223 which led to the
Flory-Rehner equation.

The long molecular chains in turn are composed of small
molecular units called monomers and comonomers which have
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been attached to each other during the chemical synthesis of the
polymer network. For a visual representation of a hydrogel
matrix see Fig. 1.

The family of stimulus-sensitive hydrogels can largely be
subdivided into two types of gels. pH-sensitive hydrogels and
temperature-sensitive hydrogels. Other types of gels exist and
some examples will be given below.

Temperature- and pH-sensitive hydrogels are very different
in their physical behavior and swelling mechanism. These
properties of these kinds of gelswill be discussed independently
in the next section.

Temperatur e-sensitive hydrogels

A common group of monomers, used in the synthesis of
temperature-sensitive hydrogels, are the N-alkyl acrylamides. A
well-known monomer from this group is N-isopropyl acryla-
mide (NIPAAm). This monomer has sidechains which have
favorable interactions with water in the form of hydrogen
bonds. This causes a hydrogel made from this monomer, called
apoly-NIPAAmM hydrogel, to attract water molecules and swell
around room temperature.

The efficiency of the hydrogen bonding process has a
negative temperature dependency and above a certain tem-
perature, called the lower critical solution temperature (LCST),
the hydrogen bonds between the monomer sidegroups and water
molecules will increasingly be disrupted with increasing
temperature.

The backbones of the polymer, the long chains of C—C bonds
to which the sidechains are attached, are hydrophobic and wish
to reduce their surface area exposed to the highly polar water
molecules. They can do so by forming aggregates, as shown in
Fig. 2.

Normally when the hydrogen bonds between the sidegroups
and the water are present, the aggregation of the backbones is
prevented because the hydrogen bond interactions with the
water molecules are stronger than the backbone interactions.
When the hydrogen bonds are broken, due to increasing thermal
agitation, the aggregation processtakes place. Thisresultsin the
shrinkage of the thermosensitive hydrogel with increasing
temperature.
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Fig. 1 The chemical structure of a hydrogel matrix. Water has been
omitted for clarity.

a b

Fig.2 (a) Backbones of the temperature-sensitive hydrogel in the swollen
condition. (b) The backbones in the aggregated condition. Note the
reduction of the surface area exposed to water.
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The temperature behavior of a poly-NIPAAmM hydrogdl is
shown in Fig. 3. Thiskind of graph is used commonly to depict
the swelling behavior of stimulus-sensitive gels as afunction of
astimulus and is called a swell curve.

pH-sensitive hydrogels

Hydrogels that respond to pH (and ion concentration, as
explained below) contain (co)monomers with weak acidic or
weak basic sidegroups. These sidegroups are ionizable and their
charge will be afunction of the pH.

Structure examples of pH-dependent monomers and their
ionisation behavior are shown in Fig. 4. On the left the
ionisation versus pH is shown for the weak acidic monomer
acrylic acid (AAc) and on the right this is shown for the weak
basic monomer dimethylamino ethylmethacrylate
(DMAEMA).

The swelling of a pH-sensitive hydrogel is the result of the
interplay of the pH and the ionic strength of the solution which
the hydrogel is exposed to. The ionizable monomers inside the
hydrogel will dissociate asafunction of the pH and the resulting
free counterions in the hydrogel exchange with salt ions from
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Fig. 3 Swell curve of a disc-shaped poly-NIPAAm hydrogel. Note the
large diametral change with temperature.
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Fig. 4 lonisation behavior of acrylic acid and dimethyl aminomethacry-
late. The degree of ionisation (1) is plotted versus the pH. Acrylic acid is
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the solution. Inside the hydrogel a certain counterion concentra-
tion will develop, that causes an osmotic pressure difference to
develop between the gel and the solution. Consequently the
hydrogel will swell until the elastic forces inside the hydrogel
are in equilibrium with the osmotic force.

An important condition in the swelling of a pH-sensitive
hydrogel is the fact that the hydrogel has to maintain global
charge neutrality inside itself: ahydrogel cannot give off anion
to the surrounding solution without receiving a suitable
counterion in return.

When a hydrogel with an acidic comonomer, e.g. poly-
hydroxy ethylmethacrylate-co-acrylic acid (poly-HEMA-co-
AAC), is exposed to pure water (at pH 7) no osmotic swelling
will take place in the gel, although the pH of the solution is
higher than the pKj of the acrylic acid comonomers (the pK, of
acrylic acid comonomers is around 5).

The hydrogel can give off protons to the solution, but to
maintain electroneutrality the hydrogel also has to take up
counterions from the solution. At neutral pH and low ionic
strength, the only counterions available are protons resulting
from the autoprotolysis of water. As aresult, the pH inside the
hydrogel will be low and al the acrylic acid groups in the
hydrogel will be in the protonated, and uncharged, state.
Consequently there will be no free counterion concentration
inside the hydrogel which would cause osmoatic swelling.

When the ionic strength of the solution is increased, the
hydrogel can exchange ions with the solution. By doing so, the
hydrogel maintains charge neutrality and the concentration of
free counterions inside the hydrogel increases. An osmotic
pressure difference between the hydrogel and the solution arises
which causes the gel to swell.

When the ionic strength is increased to high levels (1 M-10
M), the hydrogels will shrink. This is due to the loss of the
osmotic pressure difference between the gel and the solution
(the solution now has osmotic pressures in the range of the
osmotic pressure inside the gel, Fig. 5).

Hydrogel sensors

Roughly, all hydrogel sensors consist of two main parts. a
hydrogel element and a transducer. The transducer converts the
swelling signa of the hydrogel to the electrical or optical
domain.

A number of different hydrogels has been used to function as

sensitive hydrogels; (3) antigen-sensitive hydrogels, and (4)
glucose-sensitive hydrogels. These gels will be discussed in
more detail below.

pH-sensitive hydrogels

pH-sensitive hydrogels with one kind of monaobasic or mono-
acidic sidegroupswill respond to the pH in arestricted operating
window around the pK, of the sidegroups. With these gelsapH
sensor for aspecific pH range can be created.1424-27 To enlarge
the operating window, a hydrogel containing two or more
different ionisable monomers, with different pK, values, or a
monomer with two pK, values could be used.

The applicability of a pH-sensitive hydrogel for sensors can
be extended greatly by adding an intermediate step where an
analyteisconverted to pH, asfor examplein the hydrogel -based
Pco, sensor that isbeing developed in our group.15.28 Here, CO,
gasformscarbonic acid in water, resulting in achangein the pH
and thus indirectly in the volume of the pH-sensitive hydro-
gel.

lon-sensitive hydrogels

To make a hydrogel sensitive to a specific dissolved ion it is
necessary to attach groups to the hydrogel which selectively
bind to the ion. One such approach is to incorporate crown
ethers into the gel. The crown ethers selectively form charged
complexes with the ion. This brings free charges into the gel
network which consequently cause hydration and thus gel
swelling. Sensors of this kind have been reported for the
detection of Na*,29 Ph2+,212 Bg2+12 and K+.12.29

Antigen-sensitive hydrogels

Antigen-sensitive hydrogels change volume in response to a
specific antigen. Miyata et al. have reported an antigen sensor,
that uses a neutral hydrogel with an antigen and its correspond-
ing antibody immobilized in the gel.13 Binding between the
antigen and the antibody introduces reversible crosslinksin the
gel network. A change in volume is evoked by exposing the
hydrogel to a solution containing the free antigen. Competitive
binding of the free antigen with the antibody results in a

the sensing elementV4(1) pH-sensitive hydlrogels; (2) ion- V2ecrease in the amountof reversible ¥idsslinks. The resulting

Low ionic strength

Medium ionic strength

High ionic strength

Fig. 5 The swelling of a pH-sensitive hydrogel as a function of the ionic strength. (A—, C* mean anion and cation respectively).
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gel network alows more expansion which results in the
swelling of the gel.

Glucose-sensitive hydrogels

Phenylboronic acid has been used to make glucose-sensitive
hydrogels. The phenylboronic acid forms a complex with
glucose and rel eases aproton during this process. Arnold et al .39
have immobilised phenyl boronic acid inside a hydrogel and
used conductimetry to measure the conductance increase due to
the release of protons after glucose reacted with the phenyl-
boronic acid groups inside the hydrogel.

Transduction methods

Different types of transduction methods have been explored to
measure the volume change of a hydrogel. These include
optical, conductometric, amperometric and mechanical meth-
ods.

Optical methods

The optical methods have been widely explored with different
techniques. The change of fluorescence intensity in relation to
the swelling of a fluorophore-labelled hydrogel has been
shown.3° Also an interferometric method has been presented for
measuring hydrogel swelling.31-32 Here, the sensor material is
part of an optical thin-film system which transforms the
variation in volume into spectra information.

Another optica method makes use of the diffraction of light
from ahydrogel containing a crystalline colloidal array (CCA).
The group of Asher polymerised a CCA of spherical polysty-
rene colloid particlesin athin hydrogel film.212 The particlesin
the CCA areregularly spaced and cause the gel to display Bragg
diffraction. Because of this the CCA gels are brightly colored.
When the hydrogel changes volume, the spacing of the particles
in the CCA is changed, causing a change in the diffraction
process and the color of the gel.

Hydrogel swelling has also been detected by refractometry;
therefractive index of agel changes during swelling.33-36 Lowe
et al. used a reflection hologram to characterize polymer
swelling.2® Holographic diffraction gratings which act as a
reflector of light were realised in a hydrogel. The reflection
spectrum of the hologram changes with changing hydrogel
volume. Another technique is based on the reflectance of
hydrogels; the intensity of light reflected from a hydrogel
depends on the volume of the polymer.37.38

Conductimetric and amperometric methods

A conductometric method for detection was developed by
Sheppard et al.1425 and further explored by Arnold et al.3° A
thin hydrogel layer was deposited on a planar interdigitated
conductivity electrode array. The hydrogel changes volume in
response to pH leading to a corresponding increase or decrease
in ion mobility inside the hydrogel layer and a change in
conductivity.

Another method of detection is amperometric.4° A glucose
sensor has been constructed where the swelling of the gel leads
to increased diffusion of ion species and thus to measurable
current increases.

M echanical methods

Mechanical detection of polymer swelling can be done in
different ways. Strong et al. used a capacitive transducer.24 By
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swelling, a hydrogel deflects one of the two capacitor plates
resulting in achange in capacity. Another method is attaching a
hydrogel to a magnetoelastic element.26.27 The magnetoel astic
element mechanically vibrates at a resonant frequency which
depends upon the hydrogel mass. The resonant frequency
changes when the mass of the hydrogel changes. Another
mechanical detection method is used by Seitz et al .41 They have
used a strain gauge to measure the swelling of a very small
spherical hydrogel bead.

As aready mentioned, a Pco, sensor is being developed in
our group. We use a pressure sensor to observe hydrogel
swelling. pH-sensitive hydrogel microspheres are placed in the
cavity of the pressure sensor and the cavity is enclosed by a
porous metal screen, shown schematically in Fig. 6. On top of
the metal screen is a chamber filled with sodium bicarbonate
solution and sealed with a CO, permeable membrane.

CO, will diffuse through the CO, permeable membrane and
change the pH. The pH change is doubled by the presence of the
bicarbonate (Severinghaus principle).42 Because the sensor
cavity volume is fixed, a pressure will be generated when the
hydrogel microspheres swell in response to the pH change. Fig.
7 shows the pressure and pH response to a change in Pco,. As
can be seen, the pressure decreases because the hydrogel shrinks
as aresult of the increase in the Pco,. Simultaneously, the pH
was measured to observe the reaction of CO, with bicarbon-
ate.

Although stimulus-sensitive hydrogel-based sensors seem to
be promising for the future, they suffer a common problem.
Stimulus-sensitive hydrogels such as for instance pH-sensitive
hydrogels have a low selectivity, resulting in cross-sensitivity.
These gels do not only respond to pH but aso to ion
concentration (as explained above). In the literature different
tactics are used to eliminate the cross-sensitivity. Qing and
Grimes 26 used a reference hydrogel. They constructed a salt-
independent pH sensor which makes use of two types of
hydrogel. Oneis a pH and ion concentration sensitive polymer
and the other a hydrogel responsive only to the ion concentra-
tion. Differential measuring between the two hydrogels elim-
inates the effect of salt on pH measurements.

CO: Permeable Membrane

Sodium Bicarb{)nate Solution

!
...... \ _[ Hydrogel Microspheres
B..0,0.0.5.6.9.0.0:0 02P<

0000 0 00 000 000

1 Metal Screen

Pressure Sensor Membrane

Fig. 6 Schematic representation of the hydrogel-based pCO, sensor.
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Arnold et al. used a different technique for their glucose
sensor.39 Their hydrogel is encapsulated within a bipolar ion
exchange membrane impermeable for ions, but freely perme-
ablefor glucose. Thisway the hydrogel response to glucose can
be measured without the interference of ions. Other methods,
discussed above, are based on making the hydrogel selective for
the analyte by incorporating antibodies or crown ethersinto the
polymer.

An overview of the discussed stimulus-sensitive hydrogel
sensorsis given in Fig. 8.

Stimulus-sensitive hydrogel actuators

Stimulus-sensitive hydrogels have been tested for a number of
actuator applications. In most cases a chemical signd in the
form of a pH change was directly converted to mechanical
work.

The main reasons for the development of hydrogel actuators
are: (1) their considerable power density which is close to that
of ahuman muscle; (2) thelarge displacementsthat are obtained
with these actuators; and (3) the high resilience of the actuators
because of the high water content of the polymer matriceswhich
makes them suitable to handle fragile substrates.

Examples of actuator research include: artificial muscles,43 a
gel looper44 (a worm-like device that moves by repeatedly
curling and straightening itself), and a gel eel which could
propell itself under the influence of an electrical field.45
Recently anumber of actuators based on miniaturised stimulus-
sensitive hydrogels has been shown.17.19

Important parameters of any actuator are the type of input
needed to control the actuator, for instance €ectrica or
magnetical input, and the operation speed of the actuator. These
parameters will set the limits for the applicability of the
actuator. We will discuss these two parameters here for
stimulus-sensitive hydrogel actuators.

Hydrogel actuator control

The control parameters for a hydrogel actuator depend on the
type of hydrogel used in the actuator i.e. temperature-sensitive
or pH-sensitive type.

When a temperature-sensitive hydrogel is used, the actuator
can be controlled by changing the temperature of the actuator.
The temperature change can be generated by heaters, hot fluids,
IR light and endo- or exothermic chemical reactions.

When the hydrogel is composed of a pH-sensitive hydrogel
different control strategies are needed. These include the use of

pH-sensitive hydrogels ‘

lon-sensitive hydrogels ‘

Antigen-sensitive hydrogels

Hydrogel Glucose-sensitive hydrogels

Stimulus-sensitive
hydrogel sensors

Tranducer Optical

Amperometric

Mechanical ‘

Conductimetric

Fig. 8 Overview of the types of hydrogels and tranducers used in
stimulus-sensitive hydrogel sensors.

solutions with different pH values, electrolysis of water which
generates pH changes at the electrodes, the use of a compound
that releases protons under irradiation with light, such as
pyridine* and the use of electrical fields.3 The diversity of the
control parameters opens up a lot of possibilities to make
hydrogel actuator systems.

Operation speed of hydrogel actuators

Because the volume changes in a hydrogel actuator are caused
by adiffusion process, hydrogel actuatorsareintrinsically slow.
The gel swelling kinetics have been studied by Tanaka and
Fillmores which resulted in the discovery of a simple relation
between the swelling kinetics and the dimensions of ahydrogel.
For instance the kinetics of a hydrogel sphere are a function of
the diameter of the sphere and the apparent diffusion coefficient
of the polymer network into the water phase, as expressed in the
following equation:

2
Time = —— (8]
gel

The radius of the hydrogel sphere is given by r and the
apparent diffusion coefficient of the hydrogel network into the
water phase is given by Dgg.

Calculations using this equation reveal that the swelling of
large hydrogels is prohibitively slow and the best way to
increase the operation speed of hydrogel actuators is to make
their dimensions very small. To give an idea of the influence of
the dimensions on the swelling time of a hydrogel actuator see
Table 1.

As can be seen from this table the hydrogels need to have
dimensions in the micrometer range or a higher value of the
apparent diffusion coefficient to have reasonable operation
frequencies. This can be done by making the polymers
themselves smaller or by changing the polymer morphology to
make the gels more porous. Both these methods are done by
changing the chemistry used to synthesize the polymers.

By using a specia synthesis technique called emulsion
inversion polymerisation it is possible to synthesize micrometer
scale polymer spheres called hydrogel microspheres.4” During
the synthesis the formed polymer precipitates from the solvent
and induces the formation of the microspheres. These spheres
have a very rapid response to pH changes which lies in the
millisecond range.

Another method, called photopatterning, uses UV light and a
photoinitiator to locally control the polymerisation reaction.
When UV light strikes a photoinitiator molecule in the solution
from which the hydrogel is to be synthesized it forms a free
radical that initiates the polymerisation reaction. By using
masking techniques commonly found in photolithographic
techniques to control the topography of the UV light, it is
possibleto control the formation of the hydrogel network on the
micrometer scale and make hydrogels with small time con-
Stants.

Finaly by using a method similar to the synthesis of the
microspheresit is possible to make hydrogels that contain large
pores in the polymer matrix. During the synthesis reaction the
formed polymer aso precipitates but instead of forming
microspheres it forms larger aggregates resulting in a very
porous hydrogel. Because of the porous nature of the network
the diffusion time of the network is greatly reduced and fast
actuators are possible.

Tablel The effect of the radius of a spherical actuator on the swell time
of the hydrogel. (For D avalue of 3.2 x 10~7 cm2 s—1 has been used?)

Gel radius
Time constant

10 cm lcm 100 um
10years 36 days 9h

10 um 1um
5min 3s
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As described in the above paragraph it is necessary to make
hydrogel actuators as small as possible. This together with the
advantages of hydrogels such as the high power density and
high resilience have led to alarge interest from the micro total
analysisfield (uTAS field) as will be discussed below.

Micro total analysis systems

The uTAS field is focussed on the development of very small
total analysis systems for performing for instance blood
analyses. The keywords in the uTAS field are miniaturisation
and mass-fabrication. By miniaturising standard analysis equip-
ment a number of advantages is achieved. For instance the
volume needed for ablood analysisis greatly reduced from the
mL range to the nL range. With nanoliter volumes needed for
blood analysesit is possible to perform alarge number of point-
of -care measurements without endangering the patient. Another
advantage is the drastic increase in speed when operations are
performed on a small scale.

The uTAS field relies heavily on the miniaturisation
techniques that have been developed in the microelectronics
industry. By using the same techniques and the substrates asin
the micro electronics industry, like silicon, it has been possible
to fabricate miniature sensors and actuators with very fast
response times and very small volumes. As in the micro
electronics industry the application of mass-production tech-
niques is expected to greatly lower the unit cost of micro total
analysis devices which could lead to very wide-spread applica-
tion of these devices.

Because it is not the aim of this paper to review the uTAS
field and the benefits of miniaturisation interested readers are
referred to van den Berg?#8 and Feynman.4°

Hydrogels and their applicationsin uTAS

Hydrogels have become a focus of attention in the uTAS field
because of anumber of reasons: they are powerful actuators but
at the same time they are soft because of their high water
content. This makes them suitable for uTAS systems where
living substrates like cells or embryos are handled.

The use of (365 nm) UV-photolithography is ubiquitous in
the cleanroom laboratories where ICs and uTAS systems are
made. The photopatterning technique described above can be
used in conjunction with the UV -photolithography equipment
to make a large number, i.e. 100-1000, of stimulus sensitive
hydrogels, with micrometer dimensional precision, at the same
time. This processisfast, with exposure timesfrom 10 to 100 s,
and very suited for the mass-production of stimulus hydrogel
sensors and actuators or uTAS systems containing these.

Finally the simplicity of the systems needed to control the
hydrogel actuators make them superior over alarge number of
other actuators used in uTAS systems.

Hydrogel microsensors

In spite of the advantages not many hydrogel microsensors have
been developed up to now, though miniaturization is crucial to
make sensors based on polymer swelling with fast response
times. Some of the sensors discussed in the stimulus-sensitive
hydrogel sensors section are actually microsensors. An example
isthe salt-independent pH sensor by Qing and Grimes?6.27 They
coated a 8 um thick hydrogel layer on small magnetoelastic
elements. Sheppard et al. made a microfabricated conducti-
metric pH sensor.1425 Their hydrogel layer was photolitho-
graphically patterned on the electrodes and also had a thickness
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of 8 um. They varied the pH with steps of 0.2 pH units and
found a response time of 350 s.

Hydrogel microactuators

Although thisfield is very young, already a number of research
groups across the world have shown examples of stimulus-
sensitive hydrogel actuators.

Kobayashi and Suzuki have shown a blood sampling system
called the umosquito, that uses atemperature sensitive hydrogel
to obtain a blood sample from a patient.20

Beebe et al.17 showed the use of pH-sensitive hydrogel as
valvesfor the control of liquid flow through microchannels. By
changing the pH of the solution that was run through the
microchannels the hydrogel valves were closed or opened. The
hydrogel microvalves were fabricated with UV-photolithog-
raphy and showed promising results for uTAS applications.

An important aspect of these valves is their high resilience
due to their high water content. Dust contamination is a major
source of malfunction in uTAS systems. Because dust is of the
order of micrometers it can interfere with the function of the
conventional hard mechanical microfluidic actuatorsinauTAS
system. Because the dust particles get caught in the moving
parts of the actuators, which are almost always made out of rigid
materials like silicon or glass, they cause such a high friction
that the actuator function is compromised. Because hydrogels
actuators are soft, dust particles will not get caught as the
hydrogel actuator will shapeitself around the dust particle. This
resilience also makes it possible to use hydrogels to handle soft
substrates like cells and embryos which would normally get
damaged by the contact with actuators made out of hard
materials.

Another example of hydrogel actuator work is the pH
regulator for microflow applications shown by Eddington et
al.19 By using a pH-sensitive hydrogel throttle valve in a pH-
regulated feedback system it was possible to adjust the pH of a
solution coming into the regulator by mixing with a buffer of
known pH. The pH of the solution coming out of the regulator
was kept constant over a range of pH values for the input
stream.

Madou et al. have fabricated very small pH responsive valves
for drug dosing applications. These pH sphincter valves were
used to regulate the amount of drug flowing out of a drug
reservoir. A valve of this kind could be used to fabricate smart
drug-dosing systems.

Of course hydrogel actuators are not restricted for uses as
microvalves and more advanced microfluidic components can
be made.

In our group a discrete peristaltic micropump is being
developed that uses an array of pH-sensitive hydrogel actuators
to direct the flow of water through an elastic microfiber. Instead
of using the pH of a solution to control the actuators, local
electrolysis of the water present in the device is used to create
the necessary pH changes for actuator control. This approachis
very interesting because only alow voltage of 2 V is needed to
control the actuators. Compared to the piezo disc actuators
commonly used in uTAS applications, which use 100-300 V,
thisis amajor advantage. Also the 1-100 pA current needed to
control the actuators is very small compared to the 1-100 mA
currents needed to control electromagnetic actuators which are
also used up to now in uTAS applications.

The German company Gesim Gmbh. has shown amicrovalve
that uses a temperature-sensitive hydrogel, controlled by a
microheater.1® The temperatures needed to control the valves
are around physiological temperature which makes the valves
interesting for biomedical and cell-handling applications. The
voltage needed to control the microvalves wasin the order of a
few volts which again shows the advantage of hydrogel
actuators.
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Another method to control hydrogel micro actuators is the
use of an electrical field over apH-sensitive hydrogel in a50:50
water—acetone mixture. The electrical field causes a stress to
develop across the gel and leads to shrinking of the gel.3

Conclusions

Stimulus-sensitive hydrogels are very interesting materials for
the fabrication of sensors and actuators. Because the kinetics of
the swelling process is dictated by diffusion, miniaturisation is
indispensable to make sensors and actuators with good
characteristics.

It has been shown that through the chemical modification of
hydrogels a large number of different sensors can be made.
These include sensors for dissolved ions, gasses, enzyme
substrates and antigens. To convert the swelling signa to an
electrical signa a number of possibilities exist like con-
ductimetry, light transmission measurement and the use of
pressure sensors to measure the force generated by the gel
swelling.

Stimulus-sensitive hydrogel actuators have a number of
advantages over existing uTAS actuators. Their high resilience
gives them superior dust tolerance over actuators made from
hard materials and it makes them suitable for cell-handling
applications. The fact that hydrogel actuators can be controlled
with small voltages and currents gives them an extra benefit
over conventiona WTAS actuators. In contrast with these
conventional actuators no elaborate interfacing electronics is
needed to control hydrogel actuators and direct interfacing with
microcontrollersis possible. By integrating the microel ectronic
circuits needed for the operation of the uTAS system on the
same chip surface, a further degree of miniaturisation is
achieved. This could lead to the development of extremely
small total analysis systems that can operate for very long time
periods and need only a small energy source.

Finaly the fabrication of gel sensors and actuators with UV
photolithography makes them compatible with the conventional
fabrication techniques used in uTAS system fabrication and
opens up the opportunity of mass production.

Future per spective

The use of stimulus-sensitive hydrogels for microsensor and
microactuator applications looks very promising. In only a
couple of years a number of interesting results have been
obtained.

Additional research has to be conducted to overcome the
kinetic limitations imposed by diffusion and to obtain more
knowledge about the mechanical behavior of stimulus-sensitive
hydrogels in micro total analysis systems.

The fabrication using UV-photolithography and the possibil-
ity of direct interfacing with control el ectronics makes stimulus-
sensitive hydrogels interesting candidates for the fabrication of
microsensors and actuators in commercially mass produced
uTAS systems.

References

1 T. Tanaka, Experimental Methods in Polymer Science, 1st edn.,
Academic Press, San Diego, USA, 2000.

J. H. Haltz, J. S. Holtz, C. H. Munro and S. A. Asher, Anal. Chem,,
1998, 70, 780-791.

3 T. Tanaka, I. Nishio, S.-T. Sun and S. Ueno—Nishio, Science, 1982,
218, 467-469.

A. Suzuki and T. Tanaka, Nature (London), 1990, 346, 345-347.

J. J. Kim and K. Park, Bioseparation, 1999, 7, 177-184.

N

(SN

10

11

13

14

15

16

17

18

19

25

26

27

28

29

30

31

32

33

35

36

37

38

39

40

41
42

43

45

46

47

48

49

I. Y. Gaaev and B. Mattiasson, Trends Biotechnol., 1999, 17,
335-340.

P. Gupta, K. Vermani and S. Garg, Drug Discovery Today, 2002, 7,
569-579.

Y. Qiu and K. Park, Adv. Drug Delivery Rev., 2001, 53, 321-339.
N. A. Peppas, P. Bures, W. Leobandung and H. Ichikawa, Eur. J.
Pharm. Biopharm., 2000, 50, 27—46.

J. Kost and R. Langer, Adv. Drug Delivery Rev., 2001, 46,
125-148.

A. S. Hoffman, Adv. Drug Delivery Rev., 2002, 43, 3-12.

J. H. Holtzand S. A. Asher, Nature (London), 1997, 389, 829-832.
T. Miyata, N. Asami and T. Uragami, Nature (London), 1999, 399,
766-769.

N. F. Sheppard Jr., M. J. Lesho, P. McNally and A. S. Francomacaro,
Sens. Actuators, B, 1995, 28, 95-102.

S. Herber, W. Olthuis and P. Bergveld, Sens. Actuators, B,
2003A ccepted.

Q. M. Zhang, T. Furukawa, Y. Bar—Cohen and J. Scheinbeim,
Materials Research Society Symposium Proceedings, 2000, 600.

D. J. Beebe, J. S. Moore, J. M. Bauer, Q. Yu, R. H. Liu, C. Devadoss
and B. —H. Jo, Nature (London), 2000, 404, 588-590.

S. Howitz, T. Gehring, L. Rebenklau and A. Richter, Nanotech
Conference Proceedings, Montreux, 2001.

D. T. Eddington, R. H. Liu, J. S. Moore and D. J. Beebe, Lab. Chip,
2001, 1, 96-99.

K. Kobayashi and H. Suzuki, Sens. Actuators, B, 2001, 80, 1-8.

V. Kudela, Encyclopedia of Polymer Science and Engineering,
Wiley, New York, 1987, 783-807.

P. J. Flory and J. Rehner, J. Chem. Phys,, 1943, 11, 521-520.

P. J. Flory and J. Rehner, J. Chem. Phys., 1943, 11, 521-526.

Z. A. Strong, A. W. Wang and C. F. McConaghy, Biomed.
Microdevices, 2002, 4:2, 97-103.

M. J. Lesho and N. F. Sheppard Jr., Sens. Actuators, B, 1996, 37,
61-66.

Y. C. Qing and C. A. Grimes, Sens. Actuators, B, 2001, 79,
144-149.

Y. C. Qing and C. A. Grimes, Sens. Actuators B, 2000, 71,
112-117.

H. v. d. Linden, S. Herber, W. Olthuis and P. Bergveld, Sens. Mater .,
2002, 14, 129-139.

A. G. Mayes, J. Blyth, R. B. Millington and C. R. Lowe, Anal. Chem.,
2002, 74, 3649-3657.

M. F. McCurley, Biosens. Bioelectron., 1994, 9, 527-533.

F. R. Aussenegg, H. Brunner, A. Leitner, C. Lobmaier, T.
Schalkhammer and F. Pittner, Sens. Actuators, B, 1995, 29,
204-209.

T. Schalkhammer, C. Lobmaier, F. Pittner, A. Leitner, H. Brunner
and F. R. Aussenegg, Sens. Actuators B, 1995, 24-25, 166-172.

J. Dubendorfer, R. E. Kunz, G. Jobst, |. Moser and G. Urban, Sens.
Actuators, B, 1998, 50, 210-219.

H. Wang and W. R. Seitz, Spie Conference on Internal Standardiza-
tionand Calibration Architecturesfor Chemical Sensors, 1999, 3856,
224-231.

W. R. Seitz, M. T. V. Rooney, E. W. Miele, H. Wang, N. Kavd, L.
Zhang, S. Doherty, S. Milde and J. Lenda, Anal. Chim. Acta, 1999,
400, 55-64.

M. T. V. Rooney and W. R. Seitz, Anal. Commun., 1999, 36,
267-270.

Z. Shakhsher, W. R. Seitz and K. D. Legg, Anal. Chem., 1994, 66,
1731-1735.

L. Zhang, M. E. Langmuir, M. Bai and W. R. Seitz, Talanta, 1997, 44,
1691-1698.

F. H. Arnold, W. Zheng and A. S. Michaels, J. Membr. Sci., 2000,
167, 227-239.

A. Kikuchi, K. Suzuki, O. Okabayashi, H. Hoshino, K. Kataoka, Y.
Sakurai and T. Okano, Anal. Chem., 1996, 68, 823-828.

L. Zhang and W. R. Seitz, Personal Communication, 2002.

J. W. Severinghaus and A. F. Bradley, J. Appl. Phys., 1958, 13,
515-520.

S. P. Marra, K. T. Ramesh and A. S. Douglas, Mater. <ci. Eng., C,
2001, 14, 25-34.

Y. Osada and S. B. Ross-Murphy, Sci. Am., 1993, 42-47.

Y. Osada and J—P. Gong, Adv. Mater., 1998, 10, 827-837.

T. Tanaka and D. J. Fillmore, J. Chem. Phys, 1979, 70,
1214-1219.

G. M. Eichenbaum, P. F. Kiser, S. A. Simon and D. Needham,
Macromolecules, 1998, 31, 5084-5090.

A. van den Berg and T. S. J. Lammerink, Top. Curr. Chem., 1998,
194, 22-49.

R. P. Feynman, J. Microelectromech. Syst., 1992, 1, 60-66.

Analyst, 2003, 128, 325-331 331


https://doi.org/10.1039/b210140h

