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Hydrogel-driven paper-based microfluidicst
Robert R. Niedl and Carsten Beta*

Paper-based microfluidics provide an inexpensive, easy to use technology for point-of-care diagnostics in
developing countries. Here, we combine paper-based microfluidic devices with responsive hydrogels to
add an entire new class of functions to these versatile low-cost fluidic systems. The hydrogels serve as fluid
reservoirs. In response to an external stimulus, e.g. an increase in temperature, the hydrogels collapse and
release fluid into the structured paper substrate. In this way, chemicals that are either stored on the paper
substrate or inside the hydrogel pads can be dissolved, premixed, and brought to reaction to fulfill specific
analytic tasks. We demonstrate that multi-step sequences of chemical reactions can be implemented in a
paper-based system and operated without the need for external precision pumps. We exemplify this tech-
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1. Introduction

The past decades have seen enormous advances in miniaturi-
zation of fluidic systems. Today, microfluidics has evolved
into an omnipresent technology that dominates many fields
of the applied sciences ranging from synthetic chemistry to
biochemistry, biotechnology, and medicine.' One of the out-
standing milestones in this field was the development of soft
lithography — a microfabrication technique that allows the
rapid and inexpensive manufacturing of complex microfluidic
devices based on polydimethylsiloxane (PDMS).** Also some
of the associated secondary hardware has been scaled down
over the years. However, syringe pumps, tubing, power sup-
plies, and bottles for storage of solutions are typically
required to operate a lab-on-chip device. Even though most of
these components are available in a well-equipped research
environment, the need for high-end peripheral hardware
severely limits the use of conventional microfluidics for appli-
cations outside of a laboratory context. In particular, point-of-
care diagnostics or adverse operational conditions that are
encountered in developing countries or conflict and disaster
areas may severely hamper the use of classical microfluidics.®’

A first substantial step to successfully cope with these
challenges was taken with the development of paper-based
microfluidics.* ™" Here, the microfluidic device is fabricated
from a paper substrate by structuring via photolithography,
ink jet printing, or wax. Capillary forces drive fluid flow
though the structured paper. Numerous simple assays have
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nology by integrating an antibody-based E. coli test on a small and easy to use paper device.

been implemented on such easy to use, low cost microfluidic
paper analytic devices (LPADs)."> Several variants have been
proposed to adapt uPADs to more sophisticated tasks, for
example, layered three-dimensional paper-based devices that
can distribute fluids from single inlet points into large arrays
of detection zones.™® Also, it was shown that chemicals can
be imprinted and stored on the paper scaffold.'* Even
enzymes can be introduced and, in some cases, covalently
linked to the cellulose fibers.">'® Moreover hydrogels have
been combined with paper-based microfluidics to achieve on-
chip separation of analytes."”

Despite the numerous advantages — low cost fabrication,
easy handling, and robust operation — paper-based micro-
fluidic devices suffer from several drawbacks that severely
limit their range of application. In particular, liquid that
drives transport in the structured paper substrate is typically
applied by the user from the outside. This limits the com-
plexity of the fluidic protocol. For example, the supply of pre-
cise amounts of liquid, a controlled gradual liquid supply, or
a sequential supply of specific amounts of liquid will be diffi-
cult to achieve by a non-trained user without specialized
equipment. Furthermore, the purity of the on-chip processes
is limited by the purity of the liquid that is introduced from
the outside by the user. To offer a solution to such drawbacks,
we extend the original concept of paper-based microfluidics
by incorporating responsive hydrogels into the paper device.

Hydrogels consist of a network of polymer chains that are
linked together by a crosslinker like methylenebisacrylamide
in acrylamide gels."® The ratio between the monomers and
crosslinkers defines the mesh size of the polymerized net-
work.” Due to the hydrophilic character of the polymer
chains, such networks can incorporate large amounts of
aqueous solutions.>* By combining monomers with different
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side chains, the solubility of the polymer can be
changed.?’* In the case of a temperature sensitive hydrogel,

this results in a lower or upper critical solution temperature
(LCST or UCST, respectively).>>>° For temperatures below the
LCST the hydrogel exists in a swollen state, with a large
amount of liquid incorporated into the polymer network.
Upon an increase of temperature above the LCST, the hydro-
gel collapses and the stored liquid is released.**>* Various
chemical components, including many biomolecules, can be
stored and released from thermoresponsive hydrogels,® a
property that has stimulated numerous efforts to use hydro-
gels for drug delivery.'®3*36739

In this article, we describe, how paper-based microfluidic
devices can be combined with hydrogels to carry out complex
fluidic protocols on a structured paper substrate. First, we
will demonstrate how a thermoresponsive hydrogel can be
used to drive fluid flow in the paper substrate in a precise
and well-controlled fashion. The swollen hydrogel stores a
defined volume of liquid on the paper substrate. Through a
temperature-induced collapse of the hydrogel, a well-defined
amount of liquid is released and moves into the structured
paper substrate driven by capillary forces, without any exter-
nal precision pumps. Only a small, hand-held heat supply is
required to induce the hydrogel collapse, e.g., a battery-
driven Peltier element. Sensitive chemicals or enzymes that
are required for a specific reaction can be deposited in the
dry sections of the paper channels and will be dissolved by
the liquid from the hydrogel reservoirs. Alternatively, they
may be also stored directly in solution inside the swollen
hydrogel. In this way, different chemicals can be supplied in
a well-controlled fashion to a reaction area, where a specific
test assay may be performed. In the following, we will exem-
plify this approach with a simple, two-step color indicator
reaction and with an antibody-based E. coli test assay.

2. Materials and methods

2.1 Reagents and materials

N-isopropylacrylamide 97% (NIPAM), barium peroxide (BPO),
ethanol and sulfuric acid in A.C.S. purity was purchased from
Sigma Aldrich, Seelze, Germany. Dextran 70 of high purity
grade and citrit acid of pure grade was purchased from Carl
Roth GmbH, Karlsruhe, Germany. Bisacrylamide at bio-
chemical grade, acrylamide (AcAm) of biochemical grade,
sodium hydroxid of pure grade, Munktell filter paper AB
(Sweden) type 388 (70 mm diameter) was purchased from
neolab Vertriebs GmbH, Heidelberg, Germany. TEMED,
ammoniumpersulfate (APS) of molecular biology grade and
3,3',5,5"-Tetramethylbenzidine (TMB) was purchased from
AppliChem, Darmstadt, Germany. HRP labeled E. coli-anti-
body (rabbit, K99, polyclonal) was purchased from anti-
koerper-online.de, Aachen, Germany. Negative photoresist
(SU-8 2010) and developer DEV-600mr was purchased from
micro resist technology GmbH, Berlin, Germany. Thymol
blue sodium salt in A.C.S. purity was purchased from Alfa
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Aesar, Ward Hill, USA. Black ink no. 8022162 was purchased
from Herlitz PBS AG Berlin, Germany. NUNC Adhesive tape
(microtiterplate polyester foil) and Whatman micropore filter
(0.2 um) was purchased from VWR, Darmstadt, Germany. All
material and chemicals were used as received.

2.2 Fabrication of the microstructured paper tissue

The microstructured paper tissue was fabricated using
standard photopolymerization techniques.®*'® Briefly, the
Munktell filter paper pads were soaked in SU-8 2010 photore-
sist and dried at 95 °C in an oven for at least one hour. After-
wards, a photomask was put on top of the paper pad and illu-
minated at a wavelength of 365 nm for 6 s at 250 mJ cm>.
After the exposure, the pads were developed in DEV-600mr
developer, washed with Isopropanol, and dried in an oven at
95 °C for one hour. Before usage, the paper pads were
cleaned in a Harrick plasma oven (PDC 002, Ithaca, USA) for
10 minutes. If chemicals were stored in the paper structure,
the solutions were applied with an Eppendorf micropipette
and dried at room temperature.

2.3 Fluid transport driven by capillary forces in a
microstructured paper tissue

To determine the distance traveled by the liquid front in a
paper microchannel (fluid run length), different volumes of
ink colored water (1:2) were applied by an Eppendorf micro-
pipette to the reservoir area of a microchannel and the col-
ored channel part was measured, see Fig. S1.f In the paper-
based microfluidic devices that are combined with hydrogels,
the fluid is provided by the collapsing hydrogel. In these
cases, hydrogel pads of 4 mm in diameter were punched out
of a larger hydrogel slab and placed on top of the reservoir
area. The hydrogel pads were fixed by a polyethylene adhesive
tape on the paper substrate.

2.4 Fabrication of a thermoresponsive NIPAM hydrogel

The hydrogels were produced via radical polymerization as
follows: 320 mg NIPAM, 40 mg Dextran 70, and 8 mg
Bisarylamide were dissolved in 2 ml bidistilled water. 24 ul
TEMED and 100 pl of a freshly prepared 65 mM APS solution
were added and well mixed. Immediately after mixing, the
solution was filled between two glass plates in a casting stand
(BioRad, Munich, Germany) and left under the hood for 45
minutes. After this time, the hydrogel was taken from in
between the glass plates and soaked in bidistilled water. The
hydrogel was then heated up to 45 °C on a hotplate to induce
a collapse and, subsequently, placed in bidistilled water at
room temperature until it had swollen back to its former vol-
ume. This cycle of collapse and swelling was repeated four
times in order to remove all unpolymerized chemicals from
the hydrogel. After this washing procedure, the gel was stored
in bidistilled water until used.

Lab Chip, 2015, 15, 2452-2459 | 2453
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2.5 Fabrication of a gradually collapsing thermoresponsive
NIPAM-AcAm hydrogel

To fabricate the NIPAM-AcAm hydrogel, NIPAM and AcAm
were used at a molar ratio of 9:1. 299 mg NIPAM, 21 mg
AcAm, 40 mg Dextran 70, and 8 mg bisacrylamide were
dissolved in 2 ml bidistilled water. 24 ul TEMED and 100 pl
of the freshly prepared APS solution were added and well
mixed. The mixed solution was treated as described above.
After the hydrogel was released from the glass plates, it was
heated in a water bath to 65 °C, so that it changed into the
collapsed state. It was then placed in bidistilled water at
room temperature until it had changed back to its former vol-
ume. This washing cycle was also performed four times to
remove all unpolymerized chemicals. To load a hydrogel with
chemicals, the freshly fabricated and cleaned hydrogel was
stored in the target solution over night. Before use, the
square-shaped gels were “paper dried” by a paper tissue and
then cut into pieces of desired size using a scalpel.

2.6 Temperature controlled hydrogel collapse in a tube

To determine the amount of fluid released during hydrogel
collapse, both the NIPAM and the NIPAM-AcAm hydrogels
were punched in circular pads of 1 cm in diameter and
placed inside Eppendorf tubes. Then the tubes were heated
to a defined temperature for 10 minutes. After this time, the
tubes were opened and the released volume of fluid was
removed by wicking with a cotton stick. Then the tube with
the hydrogel was weighed on an micro scale (Acculab Atilon,
Gottingen, Germany).

2.7 Antibody-based E. coli test assay as a hydrogel-driven
paper fluidic system

The paperfluidic device for the Escherichia coli (E. coli) test
assay was prepared as follows. The layout is displayed in
Fig. 4 and 5. First 6 pl of an aqueous solution with 0.6 pg of
a HRP-labeled, polyklonal antibody was applied to the inner
paper channel. Then 6 pl of a water/aceton solution (1:2)
with 30 pg of Tetramethylbenzidine (TMB) were applied side
by side with 0.8 ng Bariumperoxide (BPO) suspend in 6 pl
ethanol to the outer channel structure downstream of hydro-
gel reservoirs as marked in Fig. 5. All solutions were applied
and positioned manually using a micro-pipette (Eppendorf,
Wesseling, Germany). All solutions were dried at room
temperature.

Afterwards, a piece of swollen hydrogel was dried on a
paper tissue. All water from the surfaces of the hydrogel
was removed to make sure that no liquid is released in con-
tract with the paper substrate prior to the collapse. The
hydrogel was first cut into squares pads with a side length
of 1 cm. Then two triangular pieces of hydrogel were pro-
duced from each pad by cutting it in half along its diagonal.
The triangular pads were placed on the reservoir areas of
the structured paper and fixed with a polyethylene adhesive
tape, see Fig. 4B. To release the liquid from the hydrogel
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pads, they were heated up to 32 °C on a small Peltier-based
hot plate.

3. Results and discussion

3.1 Hydrogels are versatile reservoirs to drive paper-based
microfluidics

A swollen hydrogel can incorporate considerable amounts of
aqueous liquid. In the case of a thermoresponsive NIPAM
hydrogel, a fraction of 85% weight percent of aqueous solu-
tion is easily obtained in the swollen state. The liquid is
tightly encapsulated in the swollen hydrogel. In contact with
a dry paper substrate, no liquid is released from the swollen
NIPAM hydrogel. For long-term storage hydrogel-based
devices need to be wrapped in a water-impermeable sealing.
Without sealing, the hydrogels will gradually dry out and will
release less water during operation. Alternatively, without
perfect sealing, the hydrogels can be stored at reduced tem-
peratures to prevent drying. For example, at 6 °C the swollen
hydrogels can be stored for at least three months without any
problems.

If the temperature is increased above the lower critical
solution temperature (LCST) of the thermoresponsive hydro-
gel, it collapses. For the NIPAM hydrogel used here, an LCST
of 31 °C was reported.”* Upon collapse, the encapsulated
liquid is released. It will be taken up and transported into
the paper by capillary forces. In Fig. 1A and B, this is

A B

Hydrogel pad resin casted paper

7 channel

=

adhesive foil adhesive foil

C D

Fig. 1 Responsive hydrogels drive fluid flow in paper substates. (A)
Swollen thermoresponsive hydrogel on a paper substrate loaded with
black ink. (B) The same hydrogel as in (A) after a temperature-induced
collapse. The black ink was released and has entered the paper sub-
strate, driven by capillary forces. (C) Cartoon illustrating the combina-
tion of a hydrogel with a structured paper substrate. (D) Collapsed
hydrogel (bottom) that has released black ink into a paper-based
microfluidic structure, shaped to the University of Potsdam logo.
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demonstrated for a NIPAM hydrogel pad that was loaded with
black ink. Following the well-established photolithographic
techniques that are widely used to create the structured sub-
strates for paper-based microfluidics, the -capillary-driven
fluid flow in the paper substrate can be localized and guided
through arbitrary complex geometries, see Fig. 1C for a sche-
matic representation of the approach and Fig. 1D for an
example.

As long as liquid is supplied to the paper, the fluid front
is extending into the channels. Once the reservoir is depleted,
the capillary-driven fluid flow stops. For a straight channel of
2 mm in width, the distance over which the fluid front moves
into the channel depends linearly on the amount of supplied
liquid for volumes up to 10 pl. Beyond 10 pl, the dependence
of the run length on the liquid volume becomes nonlinear
and saturates due to increased liquid evaporation from the
inlet area, see Fig. S1 in the ESI{ for an example. Liquid evap-
oration and the resulting saturation of the liquid run length
for larger applied volumes limits the channel length over
which such fluidic devices can be reliably operated. For a
channel width of 2 mm as was used in our experiments, the
operational distance is about 3 cm.

By applying different amounts of liquid between 1 and 10
pl, the linear dependence of the distance traveled by the lig-
uid front (fluid run length) and the supplied volume can be
clearly seen, see Fig. S11 (note that 0.5 pl are consumed to fill
the circular inlet area of the channel, before the fluid entered
the actual channel). In the linear regime, the weight of a
hydrogel pad required to achieve a defined run length can be
calculated. However, as the paper-based microfluidic devices
are operated with small amounts of liquid (in the microliter
range), care has to be taken to prevent evaporation also when
hydrogels are used, in particular at increased temperatures.
This can be achieved by sealing the fluidic system with a
water impermeable adhesive foil. Finally, we would like to
point out that a wide range of responsive hydrogels is avail-
able, that can be triggered by different physical and chemical
stimuli, for example, changes in the pH value,’>*" UV-irradia-
tion,*>** or specific ligand concentrations.***> Thus, due to
the versatile chemistry of responsive hydrogels, many differ-
ent variants of this principle of hydrogel-driven fluid release
can be implemented.

3.2 Composite hydrogels can be tailored to achieve controlled
release of liquid

The thermoresponsive NIPAM hydrogel used above shows a
complete collapse within a narrow temperature window
between 28 and 34 °C. Upon an increase in temperature, the
microstructured paper substrate thus experiences an irrevers-
ible, switch-like fluid release. Even though this will be of
interest for many fluidic tasks, more complex applications
may require a gradually controlled release of liquid. This can
be achieved by exchanging the pure NIPAM hydrogel for a
composite material containing different types of mono-

mers.*®"” Depending on the ratio of monomers, the
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characteristics of the collapse may be changed from a narrow,
switch-like transition to a linear gradual collapse that extends
over a wide temperature window.

Here, we demonstrate this idea using hydrogels that are
made from a mixture of NIPAM and Acrylamide (AcAm)
monomers. In contrast to the pure NIPAM hydrogel, the col-
lapse of the NIPAM-AcAm hydrogel extends to higher temper-
atures and shows a gradual, linear temperature dependence,
see Fig. S2 in the ESIt for the results of a bulk experiment.
We attribute this behavior to the influence of the acrylamide
groups in the hydrogel network. They exhibit an increased
number of possibilities for hydrogen bond formation with
adjacent water molecules. Thus, more thermal energy is
required to expel the water from the network, resulting in a
broader temperature range over which the fluid is released.
Only at 60 °C, the completely collapsed state is reached,
where the weight of the hydrogel is reduced by 85% as com-
pared to the swollen state.

Due to the different collapse characteristics of NIPAM and
NIPAM-AcAm, it is possible to switch between an all-or-none
and a gradual fluid release, as is demonstrated in Fig. 2 for a
linear paper-based microchannel. Because of the linear

A 40
£ |
E
£
=
2 20
o)
jo)] H
£ /
g 101
E ’ e NIPAM
~——&—— NIPAM-AcAm
0 at : .

20 30 40 50 60

temperature in °C

B C

30°C 40°C 50°C 60°C 30°C 40°C 50°C 60°C

Fig. 2 Control of fluid run length in a paper-based microchannel. (A)
Fluid run length as a function of temperature for a NIPAM (blue) and a
NIPAM-AcAm hydrogel (red). Mean values and standard deviations are
shown, measurements were repeated 7 times (blue curve) and 6 times
(red curve). (B) Images displaying the switch-like liquid release from a
NIPAM hydrogel at different temperatures. (C) Images illustrating the
gradual linear release from a composite NIPAM-AcAm hydrogel at dif-
ferent temperatures.
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collapse behaviour it is possible to control the fluid run
length in the channel by tuning the temperature of the
NIPAM-AcAm hydrogel.

3.3 Structured paper substrates and hydrogel reservoirs can
be combined to implement multi-step chemical protocols

By combining structured paper substrates and hydrogel reser-
voirs, we can design microfluidic devices to implement
multi-step chemical protocols. Inside the hydrogel reservoirs,
well-defined volumes of different components can be stored
and released according to a predefined temporal workflow.
Additionally, chemicals or enzymes can be stored under dry
conditions in the paper substrate, where they will be
dissolved upon a release of liquid from one of the hydrogel
reservoirs. In particular, hydrogels that display a gradual lin-
ear collapse can be combined in the same device with hydro-
gels that release liquid in a switch-like fashion to achieve dif-
ferent flow speeds. In this way, we can control the residence
time of solutions in different parts of the device to achieve
optimal reaction conditions.

In the following example, a simple acid-base reaction is
implemented to demonstrate the flexible design principles of
this approach. Note that this device is not intended for prac-
tical use in point-of-care diagnostics but rather serves as an
academic test case to demonstrate the performance of our
technique. The layout of the channel structure used here can
be seen in Fig. 3. Different parts of the structure were loaded

44°C 63°C 63°C

D

Fig. 3 Sequential acid-base reaction performed by hydrogel-driven
paper-based microfluidics in a T-channel structure with two reservoirs.
The NIPAM-AcAm hydrogel at the bottom is loaded with water and
shows a linear collapse behavior. The NIPAM hydrogel at the right is
loaded with thymol blue indicator and shows a switch-like collapse. At
the positions indicated by triangular arrows in panel (A), citric acid (1)
and sodium hydroxide (Il) are placed. (A) The hydrogel at the bottom is
heated to 34 °C, resulting in a partial release of liquid (1) to dissolve
the NaOH at position (Il). (B) The NIPAM hydrogel on the right is heated
to 44 °C in order to release the thymol blue indicator (2). When com-
ing into contact with the NaOH at the T-junction, a color change to
blue clearly indicates the high pH-value of the NaOH solution. (C and
D) The NIPAM-AcAm hydrogel at the bottom is heated to 63 °C to
induce a second release of liquid that pushes the sodium hydroxide
solution further up the channel (3). When coming into contact with the
citric acid deposited at position (l), a change of the indicator back to
orange is observed at the interface of the blue NaOH front, indicating
a drop in pH-value.
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with citric acid at position (I) and sodium hydroxide solution
at (II) and dried at room temperature. To drive fluid flow
inside the paper channel, hydrogel reservoirs were placed on
the different inlet regions of the device. On the one hand, we
placed a NIPAM-AcAm hydrogel that shows a linear collapse
characteristic over a wide temperature range on the bottom
inlet region. On the other hand, a NIPAM hydrogel, loaded
with thymol blue indicator, was placed on the inlet region of
the side channel to the right.

At the beginning (Fig. 3A), we induced a partial collapse of
the NIPAM-AcAm hydrogel by heating up to a temperature of
34 °C. In this way, part of the water that was stored inside
the swollen hydrogel was released into the paper channel (1).
The collapse temperature was chosen such that the channel
was filled only up to the T-junction, so that the sodium
hydroxide at position (II) was dissolved. In a second step
(Fig. 3B), we heated the NIPAM hydrogel at the inlet of the
side channel up to a temperature of 44 °C. This resulted in a
complete collapse and a release of the entire volume of thy-
mol blue solution into the channel (2). The solution filled the
side channel up to the T-junction, where it was mixed with
the sodium hydroxide solution from the bottom channel. At
this location, a clear color change of the thymol blue from
orange to blue was observed, indicating the high pH value of
the sodium hydroxide solution. Finally (Fig. 3C and D), the
temperature of the NIPAM-AcAm gel was further increased to
63 °C, so that the remaining fluid was released into the chan-
nel and pushed the fluid further towards the upper outlet (3).
Due to the presence of citric acid at position (I) in the upper
part of the channel, the color of the indicator at the edge of
the blue sodium hydroxide front changed back to orange,
clearly showing a drop in the pH value.

3.4 A hydrogel-driven E. coli test

In the previous section, we demonstrated that chemicals
could be stored under dry conditions in a paper channel and
taken up into solution again by liquid released from a hydro-
gel reservoir. Not only simple non-biological substances but
also proteins can be safely stored under dry conditions for
extended periods of time (typically by lyophilization). Here,
we show that these storage properties can be used to create
an efficient paper-based E. coli test system.

We designed a hydrogel-driven assay to detect E. coli infec-
tions in tap water. A micro-pore filter with a pore size of 0.2
um is inserted at the tap outlet and a given volume of water
is run through the filter. Subsequently, the filter is removed
from the tap and inserted into the paper fluidic assay, which
finally produces a color reaction if E. coli bacteria are present.
The handling of the assay is depicted in Fig. 4A. In Fig. 4B,
an overview of the layered structure of the paper fluidic
device is shown, indicating the channel geometry, as well as
the positions of the hydrogel reservoirs and the micro-pore
filter.

The assay is based on a polyclonal antibody against the
K99 pili of E. coli. The antibody is labeled at the NH-terminus
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Fig. 4 Overview of the antibody-based E. coli test assay, driven by
hydrogels on a paper-based microfluidic device. (A) Handling of the
test kit, showing the different components, the acquisition of the tap
water sample, and the insertion of the micro-pore filter into the paper
fluidic chip. (B) Overview of the layer structure of the paper fluidic

chip, indicating the hydrogel reservoirs, the channel geometry, and the
position of the micro-pore filter.

micropore filter

opening

reservoir

cover

with the enzyme horseradish-peroxidase (HRP). The layout of
the paper fluidic device is schematically illustrated in Fig. 5A.
The paper channels were loaded with antibody, BPO and
TMB as described in section 2.7. A water loaded hydrogel pad
was placed on the reservoir field of the inner paper channel
and a second hydrogel pad loaded with 100 uM sulfuric acid
was placed on the reservoir field of the outer circular paper
channel. The micro-pore filter was exposed to the sample liq-
uid and dried at room temperature. For testing the function
of the assay 1 ml of an E. coli containing water test sample
with a cell density of 2.8 x 107> cells per ml was passed
through the micro-pore filter. Afterwards, the filter was
loaded into the test assay between the channel layer and the
reservoir paper as shown in Fig. 4A.

The operation steps of the paper fluidic chip are illus-
trated in Fig. 5A. In a first step, the water containing hydrogel
was heated up to 38 °C. After 10 s, the hydrogel had released
half of its water content and the heating was stopped. The
released water was drawn into the paper channel by capillary
forces, dissolved the E. coli antibody in the channel, and the
fresh antibody solution reached the micro-pore filter as
shown in Fig. 5A (1). In a second step, the same hydrogel was
heated up to 38 °C again, so that it compacted completely,
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Fig. 5 Operation of the hydrogel-driven paper fluidic E. coli test assay.
(A) Flow chart illustrating the steps of operation of the device, (1)
release of the antibody, (2) washing of the sample, and (3) release of
the color indicator. Left and right hand sides show positive and nega-
tive tests respectively. (B) Photograph of a paper-based microfluidic
E. coli test chip showing a positive response, indicated by the blue ring.
(C) Photograph of a paper-based microfluidic E. coli test chip showing
a negative response.

the remaining water was released, and washed the channel
structure and the micro-pore filter as shown in Fig. 5A (2). If
the target bacteria were present on the micro-pore filter, the
labeled antibody attached to the pili of the microorganisms.
In the last step the second hydrogel pad containing the sulfu-
ric acid was heated up to 38 °C, so that the BPO and the
TMB were dissolved and also directed to the micro-pore filter
via the outer ring-shaped paper channel, see Fig. 5A (3). If
microorganisms marked by the antibody were present, the
color changed from yellow to blue as shown in Fig. 5B. In the
absence of an E. coli contamination (control experiment), i.e.
when no bacteria were present on the micro-pore filter, the
antibody was washed to the paper pad in the bottom layer
below the micro-pore filter and no color reaction was initi-
ated by the release of BPO and TMB, see the right hand side
of Fig. 5A. In this case, no color change was visible, see
Fig. 5C.

Established assays to probe for bacterial contamination of
drinking water also use micro-pore filters to localize the con-
taminants. However, they rely on subsequent incubation of
the samples on nutrient agar and identify the infections via
the growth of bacterial colonies. In those assays, typically 250
ml are passed through the micro-pore filter. If more than 100
colonies are found, the water is classified as non-potable.
Our assay requires at least 10" bacteria on the micro-pore fil-
ter to reliably yield a positive result. Thus, a total volume of
25 L has to pass through the micro-pore filter in order to
detect the same critical level of contamination.
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We emphasize that the established assays require a fully
equipped microbiology laboratory for sample incubation and
take up to several days. In contrast, our novel test system pro-
vides an immediate answer that is available within minutes
and directly on site, without the need of a laboratory environ-
ment. We furthermore point out that this test assay can be
readily adapted to detect other bacterial contaminants, given
that the corresponding antibodies are available.

4. Conclusion

In this article, we demonstrated that swollen thermorespon-
sive hydrogels can be used as reservoirs to drive microfluidics
in structured paper tissues. The distance over which the fluid
runs along a given paper channel can be controlled by the
amount of released liquid. Using composite hydrogels that
are produced by polymerizing a mixed solution of NIPAM
and Acrylamide monomers, we can precisely adjust the col-
lapse behavior and thus the liquid release. We showed that
with this approach, we can implement chemical protocols
consisting of multiple reaction steps on paper substrates,
where different chemical components are released to react
with each other according to a predefined sequence. Finally,
we exemplified this principle by designing an antibody-based
paper fluidic assay to test for E. coli contaminations of drink-
ing water. Required chemicals as well as the indicator com-
ponents were stored on the paper substrate. Immediately
before performing the test, liquid was introduced into the
structured paper by temperature-induced collapse of two
hydrogel reservoirs. The liquid dissolved and premixed the
components of the assay, producing a ready to use test
system.

In summary, by combining structured paper tissues with
thermoresponsive hydrogels, versatile low cost and easy to
use paper fluidic test systems can be produced for a wide
range of analytical tasks. All required chemical components
can be stored either on the paper substrate or inside the
hydrogel pads. They can be dissolved and mixed to initiate
chemical reactions by releasing liquid from the hydrogel res-
ervoirs according to a predefined protocol. We would like to
stress that these systems are perfectly suited for operation
outside and independent of high-tech laboratories, like
point-of-care diagnostics in remote places or developing
countries. These systems offer touch-less control and can be
encapsulated with robust foil or other coatings. No high-
precision fluidic pumps are required to operate such test sys-
tems. Instead, we propose the combination with simple,
hand-held devices that execute the localized and sequential
heating of the different hydrogel reservoirs on the chip. This
can be easily achieved by an array of small battery-driven
Peltier elements. For hydrogels with a precisely tuned transi-
tion temperature, one may even envision that the collaps is
induced by the body temperature of the operator upon con-
tact. Moreover, we stress that this approach is not limited to
temperature-sensitive hydrogels but may be easily extended
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to other responsive hydrogels that are sensitive to changes in
pH-value or to the presence of certain ligands.
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