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Smart hydrogels as storage elements with
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Smart hydrogels are useful elements in microfluidic systems because they respond to environmental stimuli

and are capable of storing reagents. We present here a concept of using hydrogels (poly(N-

isopropylacrylamide)) as an interface between continuous and discontinuous microfluidics. Their swelling

and shrinking capabilities allow them to act as storage elements for reagents absorbed in the swelling pro-

cess. When the swollen hydrogel collapses in an oil-filled channel, the incorporated water and molecules

are expelled from the hydrogel and form a water reservoir. Water-in-oil droplets can be released from the
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reservoir generating different sized droplets depending on the flow regime at various oil flow rates (dis-
pensing functionality). Different hydrogel sizes and microfluidic structures are discussed in terms of their
storage and droplet formation capabilities. The time behaviour of the hydrogel element is investigated by

dynamic swelling experiments and computational fluid dynamics simulations. By precise temperature con-

www.rsc.org/loc

1 Introduction

Lab-on-a-chip systems have great potential for applications in
the broad field of scientific research. Scaling down the liquid
volume shortens the mixing and reaction time and reduces
costs." Because of the possibility of handling small volumes
of liquid very precisely, microfluidic systems are potentially
interesting to speed up applications in chemistry, bio-
chemistry and biology.”™® A particularly interesting field is the
point-of-care application, where a variety of reagents need to
be stored on-chip in order to be ready for use by the pa-
tient.*” This reagent integration is one of the key challenges
and two basic principles have been established.® On the one
hand, reagents can be integrated into the device during the
fabrication process;”'® on the other hand, reagents can be
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trol, the device acts as an active droplet generator and converts continuous to discontinuous flows.

integrated into the device after the fabrication process by ex-
ternal injection e.g. with a pump.

Alongside the integration of the reagents comes the chal-
lenge of carrying out the discharge and dosing of the mate-
rial. To control the volume of the discharged liquid, valves
can be used in combination with a chamber system or a con-
stant liquid flow.""** Another possibility is the on-chip inte-
gration of liquid-filled glass ampoules as reported for labs-
on-discs. After breaking open the ampoule, the dosed volume
can be controlled by the time and rotation speed."® In digital
microfluidics, the dosing problem is solved in a way wherein
droplets can be dispensed out of a reservoir by a special
electrode configuration. By altering this configuration or the
number of dispensing steps, the total amount of the dis-
pensed volume can be controlled.'* However, the usage of
hydrogels has shown their potential to solve the reagent inte-
gration and dosing problem.*"®

Hydrogels are three-dimensional polymer networks with
the capability of taking up an aqueous solution containing
dissolved ions and molecules. They can be functionalised
with varying binding sites to trap small molecules and protect
them from degradation.'®™® Hydrogels can store buffer solu-
tions to keep enzymes in an active state,”® they are biocompat-
ible, which is important for cell assays or applications as scaf-
folds in tissue engineering,”>** and they are directly
accessible from commercial substances. Another advantage is
that hydrogels can be lithographically structured by means of
photopolymerisation or photocrosslinking. This makes them
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useable for microsystems engineering.>*** Furthermore, their
mechanical properties® can be tuned to make them
manageable.

Conventional hydrogels store water as well as dissolved
molecules and discharge them by diffusion. A special type of
hydrogels (known as smart hydrogels) shows a volume phase
transition behaviour. This behaviour is based on the low criti-
cal solution temperature (LCST), which means that the gels
collapse if the environmental temperature exceeds a certain
value. During this collapsing process, the hydrogels expel wa-
ter and dissolved molecules taken up in the swelling process.
For poly(N-isopropylacrylamide) PNIPAAm hydrogels in dis-
tilled water, the LCST is 32 °C.?°7>® Because of the thermal re-
sponse behaviour, electrical control of the degree of swelling
of the hydrogels via an electrochemical interface (e.g. resistive
microheater) is possible.”® This possibility has led to the de-
velopment of micro-electro-mechanical-system elements like
valves,***? chemostats,**** micropumps,®” thermally respon-
sive microlens arrays®® and also an autonomous chemo-
fluidic oscillator.®”

A diffusion pump with a focus on propagation was pub-
lished by Richter et al.®® showing that five PNIPAAm seg-
ments acting as a sequence of serially connected storage ele-
ments are capable of propagating a liquid. Recently
published articles demonstrated the application of PNIPAAm
hydrogels as storage devices with a dispensing functionality
in paper-based microfluidic systems.">>° However, these pub-
lications show the usage of PNIPAAm hydrogels as dynamic
memory elements in continuous microfluidic systems.

We introduce here a new approach for using smart hydro-
gels as dynamic storage elements in microfluidic systems
and as an interface from continuous to discontinuous micro-
fluidics. Varying hydrogel sizes in two different channel
structures are studied in terms of their dispensing function-
ality in discontinuous microfluidics. Furthermore, device
principles and time behaviour are discussed using computa-
tional fluid dynamics (CFD) simulations and dynamic swell-
ing measurements, respectively.

2 Materials and methods
2.1 Materials

N-Isopropylacrylamide (NIPAAm), photoinitiator Irgacure®
2959, N,N-methylene-bis-acrylamide (BIS), 3-(trimethoxysilyl)-
propyl methacrylate and sodium fluorescein were purchased
from Sigma-Aldrich (St. Louis, USA). NIPAAm was
recrystallised from hexane and other chemicals were used as
received. The negative dry film photoresist (DFR), developer
and rinser for master fabrication were purchased from Elga
Europe (Ordyl SY355, Elga Europe, Milan, Italy). Digital tem-
perature sensors DS18S20 (Texas Instruments, Dallas, USA)
and Arduino™ Uno micro-controller board (Smart Projects S.
R.L., Strambino, Italy) were used for on-chip temperature
control. Poly(dimethylsiloxane) (PDMS) RTV-615 for chip fab-
rication was purchased from Momentive Performance Mate-
rials Inc. (Waterford, USA). Span® 80 (Sigma-Aldrich, St.
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Louis, USA) was added to mineral oil SpectraSyn™ 10 (Exxon
Mobile, Irving, USA) for droplet surface stabilisation in 1%
w/w relation. For solution preparation and rinsing,
deionised water with an electrical conductivity of 0.056 uS
cm ! (Barnstead GENPURE PRO, Thermo Scientific,
Langenselbold, Germany) generated by ion exchange was
used.

2.2 Methods

2.2.1 Hydrogel polymerisation. For surface functionalisation,
a cover slip (VWR International GmbH, Darmstadt, Germany)
was cleaned with acetone, isopropanol, and water and dried un-
der a stream of nitrogen and in a convection oven for 30 min at
60 °C. After plasma activation of the glass surface for 2 min at
50 W (Dreva Clean 450, Hochvakuum Dresden GmbH, Dresden,
Germany), the cover slip was immersed in absolute ethanol
containing 2% v/v methacrylate silane for 2 h. After
functionalisation, the cover slip was rinsed with ethanol and
water, dried under nitrogen stream and baked on a hot plate
for 1 h at 100 °C.

A hydrogel polymerisation solution, consisting of 2.122 g
of NIPAAm monomer and 0.058 g of BIS in 15 mL of water,
was mixed in a flask and flushed for 30 min with a stream of
argon. After flushing, the solution was transferred into an ar-
gon filled glove box and the photoinitiator (0.042 g) was
added. The flask was sealed with a septum and protected
from light with aluminium foil. For polymerisation, a meth-
acrylate functionalised cover slip was used. For hydrogel poly-
merisation, the activated cover slip, two glass slides (26 mm
x 76 mm, Menzel-Gldser, Gerhard Menzel GmbH, Braun-
schweig, Germany), a sheet of black poly(ethylene
terephthalate) (PET) and a polymer film mask with the hydro-
gel structures were used. The mask, the activated cover slip
and the first glass slide were aligned by hand and the first
chamber part was assembled with 3 layers of adhesive tape
SCOTCH® Magic Tape (Fig. 1d). The final height of the
chamber was 150 pm. After assembling the first chamber
part, the components were transferred into a glove box and
the chamber was filled with the polymerisation solution
(Fig. 1e).

Finally the polymerisation chamber was closed with a
sheet of black PET and the second glass slide and clamped
together. For the polymerisation process, the chamber was
taken out of the glove box and directly exposed to UV light in
an ice cooled water bath following a previously published
process.*® Irradiation was carried out for 60 s for every hydro-
gel size (Fig. 1f). After the polymerisation process, the cover
slip with the polymerised hydrogel on top was washed with
water and immersed in water overnight to wash out non-
polymerised monomers.

2.2.2 Device fabrication. Devices were fabricated by soft
lithography. Firstly, a master was produced by using a poly-
mer film mask, a glass slide and negative dry film photore-
sist. Before lamination, the glass slide was rinsed with ace-
tone, isopropanol, and water and baked at 150 °C for at least

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Device fabrication process. PDMS was poured on the master
with a temperature sensor (a). After curing, the PDMS chip with the
integrated sensor (b) was peeled off from the master (c). The chamber
for hydrogel polymerisation was set up (d), filled with the
polymerisation solution under an argon atmosphere, sealed with a
sheet of black PET, clamped and exposed to UV light for conducting
the polymerisation process (f). Finally the hydrogel was integrated and
the channel was closed by plasma activation of both components and
aligned under a microscope by hand (g).

20 min. Two resist layers were laminated on the cooled glass
slide and baked for 3 min at 85 °C after each lamination
step. The resist was exposed to UV light through the mask for
90 s with PCB exposure and a post-exposure bake was
conducted for 40 min at 85 °C. Then the resist was developed
in a developer and rinser followed by a final baking for 1 h at
85 °C. The height of the two layer resist structures was 100
um. After the master fabrication, PDMS (10:1 ratio) was
added, degassed and cured for 3 h at 60 °C. For sensor inte-
gration, the DS18S20 was mounted on the master with hot
glue (Fig. 1a and b). After cross-linking, the PDMS chip could
be peeled off from the master with the integrated tempera-
ture sensor (Fig. 1c). Finally the cover slip with the hydrogel
and the PDMS chip were plasma activated, aligned under a
microscope by hand and baked for 48 h at 60 °C (Fig. 1g).

Device dimensions where chosen starting from the widest
channel of 1 mm. Taking into account the fact that hand
alignment is required for hydrogel integration, the hydrogel
diameter was chosen to be 200 um smaller than the corre-
sponding channel width (see Fig. 2). Down-scaling of the hy-
drogel size was conducted to 400 um diameter, because this
hydrogel size can be fabricated and aligned with sufficient
precision by hand. By using the dimension relations in
Fig. 2, the sizes of the other features are described. For the
dimensions of the third chip, the hydrogel diameter used
was chosen as the middle value between the largest (800 pm)
and the smallest hydrogel diameter (400 um).

2.2.3 Measurement setup. The measurement setup
consisted of three main parts including the temperature con-
trol, the video recording and the fluid supply (Fig. 3).

For the temperature control, the microfluidic chip (a) was
mounted on surface-mount device (SMD) resistors for Joule

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Device dimensions and structures for the active droplet
generator. The values for w (channel width) and n (narrow channel
width) can be calculated from the hydrogel diameter d. w corresponds
to the hydrogel diameter w = d + 200 pm. The width of the narrow
channelis n = w/2.

heating. The resistors were thermally coupled to a water
cooling system including a thermostat (Haake A10, Thermo
Scientific, Germany) as a heat sink (b). They were also electri-
cally wired to a laboratory power supply (BASETech BT-305,
Conrad Electronic, Hirschau, Germany) (c). For controlling
the Joule heating, the on-chip temperature sensor was wired
via a customised control circuit (d) and a micro-controller
board (Arduino™) (e) to a computer (f). The software for the
temperature control system was in-house developed
Arduino™ software for the proportional-integral-derivative
controller and a Python script for the user interface.

For fluorescein excitation, a lamp (KL 1500 LCD, Opto
Sonderbedarf GmbH, Grifelfing/Munich) with a filter (475 +
21.5 nm, Thorlabs, Dachau/Munich, Germany) for blue light
was used (see Fig. 4). Video recording was conducted with a
camera (UI-3580LE-C-HQ, IDS Imaging Development Systems
GmbH, Obersulm, Germany) (Fig. 3(g)) including a filter (530
+ 17.5 nm, Thorlabs, Dachau/Munich, Germany) adapted to
the fluorescein emission spectra. The camera was mounted
over the microfluidic chip to observe droplet formation and
hydrogel swelling. Video recording via a computer was car-
ried out at 19 fps (frames per second) for swelling kinetic
measurements and 49 fps for droplet generation measure-
ments, respectively. For video evaluation, a Matlab® 2014a
script for the swelling kinetics measurements and Image]
open-source software for droplet size measurements were
used.

Fluid supply was enabled by a syringe pump (LA-100,
Landgraf Laborsysteme, Langenhagen, Germany) (Fig. 3(h))
connected to the chip with a syringe (12 mL, NORM-JECT®
Luer, Henke-Sass Wolf GmbH, Tuttlingen, Germany), a poly-
ethylene tubing (@inner = 1 mm, Rotilabo®, Carl Roth GmbH
& Co. KG, Karlsruhe, Germany) and dispense needles (@inner =
0.838 mm, PK Elektronik Vertrieb GmbH, Ettlingen,
Germany).

2.3 Dispensing measurements

The dispensing measurements were conducted by swelling
the hydrogels in fluorescein dyed water. After the swelling
process, an exchange of the water environment to mineral oil

Lab Chip, 2016, 16, 3977-3989 | 3979
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Fig. 3 Measuring setup consisting of the microfluidic chip mounted on top of SMD resistors and the resistors on top of a cooler insulated by a 50
um thick double sided tape (a). The cooler is connected to a thermostat (b) acting as a heat sink. The resistors are coupled to a laboratory voltage
supply (c) for Joule heating. The on-chip temperature sensor is wired via a customised control circuit (d) and an Arduino™ Uno board (e) to a
computer (f). For observation and video recording, a camera was mounted over the chip (g). For fluid supply, a syringe pump (h) was connected to

the microfluidic chip.

Temperature
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Channel

Water filled Channel
Swollen Hydrogel

Oil filled Channel

Resistive
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Light Source
Microscope
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Cooler

Fig. 4 Microfluidic chip with an integrated temperature sensor and hydrogel (a)-(c) (white bar = 5 mm) together with the resistors for Joule
heating (d) (black bar = 20 mm) with a close-up view of the measurement setup (e) (white bar = 20 mm).

was performed. To monitor the environmental change, video
recording was started. Hydrogel shrinking was conducted in
a 3-step heating program. First, the on-chip temperature was
set to 35 °C (step 1) and directly turned back to 20 °C to stop
the heating process (step 2). Because of overshooting from
the temperature control system, the shrinking process was
initiated for a few seconds. By letting the gel swell again and
setting the temperature to 35 °C (step 3) after a few seconds
of waiting, the drawback of the skin effect can be avoided
(see section 3.1.2). Therefore the maximum water content of
the hydrogel can be expelled.

After the collapse, an oil flow supplied by a syringe pump
was applied at 1 ul min™" and increased stepwise (1 pl min™*
per step). The flow rate was held for 30 s and the generated
water droplets were recorded via the camera setup. After the
formation of the sixth droplet, video recording was stopped
and droplet measurement was carried out with Image]J soft-

3980 | Lab Chip, 2016, 16, 3977-3989

ware. Experiments were conducted three times and the drop-
let size and pinch-off flow rate were averaged. The dispensing
functionality was studied for varying hydrogel sizes in two
different channel structures (see Fig. 2) to investigate the dis-
pensing behaviour.

2.4 CFD simulations

COMSOL Multiphysics® software was used to carry out sta-
tionary 2D microfluidic simulations to explore the velocity
field, the velocity direction and also the shear rate for the
demonstrated microfluidic channel structures. Structures
were designed with AutoDesk® Inventor software. Hydrogels
were modelled as cylinders which are transverse to the direc-
tion of the flow with a diameter corresponding to the poly-
merisation mask aperture. Laminar, incompressible flow with
no-slip wall boundary conditions at 35 °C was chosen. For

This journal is © The Royal Society of Chemistry 2016
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the mineral oil with Span® 80, the dynamic viscosity was se-
lected to be 0.067 Pa s (see ESIT S1) and the density to be
0.822 g cm . Rheological measurements were conducted
with an Anton Paar MCR 301 (Anton Paar, Graz, Austria) rhe-
ometer using a cone/plate measurement geometry (49.964
mm diameter, cone opening angle 0.995°). The temperature
was varied from 10 °C to 60 °C with a constant shear rate of
100 s™'. The mesh size for the CFD simulations was set to
“fine”.

2.5 Swelling kinetics

The hydrogels were shrunken in water dyed with fluorescein
following the three-step heating process. After the complete
shrinking process, video recording was started. 30 s later, the
heating was switched off so that the hydrogel can start to
swell in the water. The swelling process was observed for 28
min. For the swelling kinetic measurement, a Matlab® image
processing script was developed (see Movie S01). The so-
defined swelling curves were measured three times, averaged
and finally used for calculating the time constant tgy.p, the
degree of swelling Q (based on hydrogel sizes in top view, see
eqn (8)) and the cooperative diffusion coefficient Dcyop. Swell-
ing kinetics and coefficient calculations were carried out for
all three hydrogel sizes used in the dispensing functionality
measurements.

3 Results

3.1 Device operation

Smart hydrogels demonstrate storage functionality in micro-
fluidic devices including a dispensing functionality. The dis-
pensing functionality refers to the droplet sizes at different
flow rates for the two channel structures and the varying hy-
drogel sizes. In the following, we divide the device operation
into three parts. First we show the hydrogel shrinking in an
oil environment and discuss the shrinking related phenom-
ena during this process. In the second part, we demonstrate
the dispensing functionality of the microfluidic structures
and discuss the basic parameters which influence the dis-
pensing functionality. Finally we compare the amount of
stored water inside a hydrogel with the total dispensed water
volume during the dispensing procedure by the storage effi-
ciency K.

3.1.1 Hydrogel-in-oil shrinking. After swelling the hydrogel
in water, the environment was changed to oil. Because micro-
fluidic applications have operation times in the minute range
we investigate the stability of the swollen hydrogel in the oil en-
vironment for 1 h. Here we found no altering in the hydrogel
size, indicating a storage stability of up to 1 h (see ESIt S2).

For the dispensing, the three-step heating process (see sec-
tion 2.3) was executed so that the expelled water forms one
water reservoir on top of the shrunken hydrogel. By an oil
flow firstly the formed water reservoir is pushed downstream
and secondly water droplets can be pinched off. Without
heating, no droplets can be formed even at high oil flow rates
(see ESIt S3). This behaviour is obvious because of the

This journal is © The Royal Society of Chemistry 2016
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heterophase (water and oil) system. The oil is hydrophobic
and the swollen hydrogel is hydrophilic, resulting in a phase
barrier. Without a driving force, the water will not be expelled
from the hydrogel. The driving force for water expelling is in-
duced by the heating procedure. But only heating will not re-
sult in droplet formation. For this, an additional force is nec-
essary and this force is applied by a convective oil flow (see
section 3.1.2).

The dispensing procedure is illustrated in Fig. 5 and the
dispensing functionality in Fig. 6. Water expelling after the
first heating step is demonstrated in Fig. 5(a) and in Fig. 5(b)
the formed water reservoir in the oil flow direction is shown.
The convective flow pinches off the water from the hydrogel
forming water-in-oil droplets (see Fig. 5(c and d)). The
remaining water (see Fig. 5(d)) was used to form the next
droplet with an increased flow rate.

The small satellite water reservoir shown in Fig. 5(a) origi-
nates from water which was preferentially expelled from the
hydrogel through bigger pores or more permeable locations.
To form one big reservoir, the 3-step heating procedure has
to be executed (see section 2.3). Another necessity for the
heating procedure is the prevention of the skin effect. The
skin effect results from a dense layer which is formed by col-
lapsed polymer chains. This layer acts as a barrier and pre-
vents the shrinking process by separating the inner swollen
part from the outer part. The reason for the skin effect is the
time-distance problem of simultaneously occurring diffusion
processes where the diffusion coefficient of low molecular
weight species is faster compared to the cooperative diffusion
of the gel network.* A stronger degree of collapse for the hy-
drogel can be observed by comparing the hydrogel diameters
in Fig. 5(a) and (b). This difference results from the skin ef-
fect which can be prevented by executing the heating proto-
col as described before, so that the hydrogel shrinkage be-
comes maximal as well as the size of the expelled water
reservoir.

3.1.2 Dispensing functionality. For the dispensing func-
tionality we can distinguish between three basic parameters
which influence the dispensing. These parameters are (I) the
design (including hydrogel size, channel geometry), (II) the

(a) (b)

Fig. 5 Dispensing process including the first heating step. Because of
the fast hydrogel shrinking, water comes out of the pores of the
hydrogel forming small satellite water reservoirs (a). After the third
heating step one big reservoir is formed on top of the shrunken
hydrogel. By an oil flow firstly the formed water reservoir is pushed to
the downstream side of the shrunken hydrogel (b) and secondly water
droplets can be pinched off (c and d) (scale bar = 200 um).

Lab Chip, 2016, 16, 3977-3989 | 3981
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Fig. 6 Dispensing functionality by pinched off droplets in a narrowed channel structure with an 800 um hydrogel. At the far left is shown the first
droplet and at the far right the sixth pinched off droplet. The red dashed line indicates the threshold at 1 nl droplet volume. Flow rates beneath the
pictures refer to the pinching off flow rates during the experiment (white bar = 200 um).

operational (including temperature, oil flow) and (III) the ma-
terial (hydrogel chemistry). To investigate the influence of (I)
the design parameters we show the dispensing functionality
at two channel geometries with three hydrogel sizes and dis-
cuss the difference between the geometries in section 3.2.
For (II) the operational parameters we measured the droplet
size at different oil flow rates at a constant temperature of 35
°C. The material parameters (III) can be influenced by varia-
tion of the polymer composition (e.g. copolymerisation) or
the polymerisation procedure and will not be discussed in
this section. In section 3.3, we investigate the influence of
the polymerisation procedure on the material properties.
First we concentrate on the design parameters.

Fig. 7 shows the dispensing characteristics of 6 micro-
fluidic chips. The curves indicate that the dispensing charac-
teristics of all chips are an exponential function based curve
progression. The sampled droplet volume is overall smaller
for the narrowed channel structure compared to the straight
channel structure. By plotting the total amount of dispensed
water volume for each device over the polymerisation mask
aperture (Fig. 8), it is demonstrated that with a bigger hydro-
gel (e.g. 800 um) more water can be sampled (37.26 nl for an
800 pum large gel in the straight channel) which indicates that

a bigger hydrogel can store more water than a smaller one
(e.g. 10.45 nl for a 400 pm large gel in the straight channel).

We also compare different microfluidic structures in
terms of the size of the first two generated droplets (see
Table 1). For the straight channel structure the averaged rela-
tion was 4.2 : 1 whereas for the narrowed channel the relation
was 2.6:1. This means that bigger droplets can be generated
with the straight channel structure in the first step compared
to the narrowed channel structure at a constant hydrogel
size. For the 400 um hydrogel the relation for the first two
droplets is nearly the same.

To conclude on the design parameters, we have shown
that with altering the hydrogel size the sampled water volume
can be changed and that a variation in the microfluidic chan-
nel structure also influences the droplet formation from big-
ger droplets (straight channel) to smaller (narrowed channel)
and the storage efficiency K.

As for the operational parameters, the most important fac-
tor is the flow rate. Regarding the exponential curve progres-
sion in Fig. 7, we can observe that the sampled volume de-
pends also on the flow rate. For a hydrogel size of 400 um
(Fig. 7(a)) the last three droplets are pinched off at the same
flow rate. The formation of more than one droplet at the

Gel Size 400 um Gel Size 600 pm Gel Size 800 pm

i | @ " | - |® 30 | e
=7 z = -
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Fig. 7 Dispensing functionality for three different hydrogel sizes (400 pm to 800 pum) in various microfluidic channel structures (see Fig. 2). Y-axis
scales vary due to exponential curve progression. Dashed horizontal line indicates the threshold at 1 nl droplet volume.
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Fig. 8 Total dispensed volume per hydrogel size and channel
structure (see Fig. 2).

Table 1 Comparing the droplet sizes for the first and the second gener-
ated droplet

1st droplet  2nd droplet Droplet

Chip designation volume [nl] volume [nl] volume ratio Mean
Straight, 6.76 1.81 3.7:1 4.2:1
400 um gel

Straight, 12.39 2.87 4.3:1

600 um gel

Straight, 24.11 5.34 4.5:1

800 um gel

Narrow, 4.59 1.33 3.4:1 2.6:1
400 um gel

Narrow, 7.11 3.35 2.1:1

600 um gel

Narrow, 9.75 4.06 2.4:1

800 um gel

same flow rate is referred here as a jetting behaviour. In this
regime the droplet formation can not be well controlled and
therefore should be avoided in applications. The same jetting
behaviour was found for the sixth droplet in the straight
channel structure for a 600 um sized hydrogel (Fig. 7b). Stan-
dard deviations of the formed droplets are in the order of 1%
to 11% indicating that the droplet formation or dispensing
functionality is reproducible.

Comparing the pinch off flow rate for the sixth droplet, it
can be seen that the flow rate necessary for the pinch off in-
creases with the chip dimensions and differs also for the chan-
nel structures. This is an effect of the structures and the in-
creasing dimensions (see section 3.2). One exception is shown
for the narrowed channel structure and the hydrogel sizes 600
pum and 800 um. Here the flow rate for the sixth droplet is
higher for the smaller hydrogel. As mentioned before, control-
ling the devices at higher flow rates is hardly possible.

In the presented study we only investigate the volume of
the first six formed droplets. The first structure we investi-
gated was the straight channel with the 800 pm diameter hy-
drogel where we expected the biggest droplets. Here we found
that it is hardly possible to measure formed droplets smaller
than a certain size (1 nl threshold, see below). This size was
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reached for the fifth and sixth droplets. Therefore we set the
maximum number of measured droplets to six for each dis-
pensing functionality measurement because for all other
structures we expected that the 1 nl threshold will be at lower
droplet numbers as what the results also show (see Fig. 7).

Measuring droplet sizes below 1 nl is complicated because of
their fast movement through the channel. Fig. 6 indicates that
the shape of the formed droplets below 1 nl is influenced by the
high velocity. The velocity-influenced shape altering, the fast
movement and the size itself sufficiently hinder the precise mea-
surements of the droplet size. Therefore, we conclude that for
channel structures with a 400 um hydrogel the first two generated
droplets in one cycle (see Fig. 7(a)) are applicable for further pro-
cessing. Using a 600 um hydrogel the first three (straight channel)
or four (narrowed channel) droplets and for an 800 um hydrogel
the first four (narrowed channel) or all six (straight channel) drop-
lets should be used regarding the threshold at 1 nl.

Overall the operational parameters allow broad control of
the device behaviour. We can state that low flow rates are
beneficial for generating well-defined droplet sizes. At higher
flow rates the jetting regime becomes dominant generating
rather widely distributed droplet sizes.

3.1.3 Storage efficiency. Important for the evaluation of
the hydrogels as storage elements with a dispensing function-
ality is the comparison between the stored and the dispensed
volume. This relation is described in eqn (3) as the storage ef-
ficiency K, where the dispensed volume (Vyjsp) is divided by
the stored volume (V). The dispensed volume for each sys-
tem is demonstrated in Fig. 8. Eqn (1) and (2) describe how
to calculate the stored volume from the degree of swelling
(Q) and the hydrogel size in the shrunken and the swollen
state (see section 3.3). To calculate the stored volume we as-
sume that the relation between the swollen and the shrunken
hydrogel size (degree of swelling, see section 3.3) is the same
as the relation between the hydrogel height in the swollen
and in the shrunken state (see ESIt S4). In the swollen state
the hydrogel height is equal to the channel height of 100 um.

Vstor = Aswollen'hswollen - Ashrunken'hshrunken (1)
hS\\O icn
hshrunl\cn = Tﬂ (2)
V.
K =-2.100 3)

stor

For the devices with a hydrogel of 400 um diameter we es-
timate the factor K (eqn (3)). The stored volume is calculated
to be 10.51 nl; for the straight channel structure the total
amount of dispensed volume is measured to be 10.45 nl and
for the narrowed channel 7.84 nl, thus the storage efficiency
for the straight channel is 99.4% and that for the narrowed
channel is 74.6%. It is important to take into account the fact
that the total amount of dispensed volume was calculated af-
ter six pinched off droplets so that the storage efficiency
shown here is the efficiency after the formation of six
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droplets. Nevertheless, these results show that for the straight
channel structure nearly the whole stored water volume is
dispensed after six droplets whereas for the narrowed chan-
nel structure ca. 25% remain in the hydrogel.

3.2 Device simulations

CFD simulations were conducted to investigate the reason for
the different dispensing functionalities of the two channel
structures (design parameter).

Simulations were carried out for the 400 um hydrogel di-
ameter and a flow rate of 2 pl min'. For the cross section
view, sections were chosen in a way that they are 50 um or
200 um away from the outer hydrogel boundary in the flow
direction (see Fig. 9). According to droplet generating device
theories, the capillary number Ca is important to describe
the behaviour of these devices (eqn (4)).*>*

Ca="1" (4)
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Here, 5 refers to the dynamic viscosity, v to the velocity of
the continuous phase and o to the interfacial tension. The
capillary number describes the relationship between forces
generated by the continuous flow and forces due to the sur-
face tension. Therefore, a certain velocity of the continuous
phase is required to form water-in-oil droplets. The capillary
number relates to the droplet diameter so that at higher cap-
illary numbers smaller droplets are formed (eqn (5)).*>

r8—=— 5
ne Cae 5)

Here, r refers to the droplet radius and ¢ to the shear rate.
In the demonstrated devices, a gradient in the velocity field
(=shear rate) induces shear stress on the water expelled by
the hydrogels. The equation implies that with a higher shear
rate of the continuous phase the droplet radius decreases.
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Fig. 9 Two-dimensional CFD simulations (top view) of the two different channel structures at an oil flow of 2 ul min™ (a, b). Two channel cross-
sections at a distance of 50 um (c) and 200 pm (d) from the downstream hydrogel boundary showing the shear rate in the channels. Zero for the

y-distance direction is set at the channel middle.
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Results of the 2D simulations are shown in Fig. 9 together
with cross-section views of the shear rate. The arrows in the
plots represent the velocity field magnitude and direction.
Following the simulations and especially the cross-section
views of the shear rates (channel middle for the y-direction is
set to zero) it is demonstrated that the shear rate for the
narrowed structure is around two times higher (~19 s™) than
the shear rate for the straight channel structure (~9 s™) at
the same position (channel middle, 50 um downstream hy-
drogel boundary).

200 um downstream the hydrogel boundary, the shear rate
decreases in the channel middle to ~6 s~ (narrowed chan-
nel) or ~3 s™* (straight channel), respectively, which is twice
as much. A bigger and more important distinction occurs at
the site walls of the channel structures. Here, the shear rate
constitutes for the narrowed channel to ~55 s and differs
sevenfold for the straight channel (~8 s™'). Therefore, stron-
ger shear stress pinches an expelled water droplet in the
narrowed structure in this part of the channel.

The overall maximum shear rate emerges for both channel
structures at the most narrow channel parts. The distance be-
tween the hydrogel boundary and the channel wall is 100 pm
following the design in Fig. 2. For the same hydrogel size, the
maximum shear rate is equal, independent from the channel
structure.

Referring to eqn (5) showing that with higher shear rates
(=velocity field gradient) the droplet size decreases, the vary-
ing dispensing behaviour of the channel structures becomes
clear. In the narrowed channel we have obtained at the same
flow rate higher shear rates and therefore higher shear stress
resulting in the formation of smaller droplets. Another differ-
ence is observed for the directions of the velocity field. The
flow direction also alters the size of the formed droplets at
the same capillary number.** Comparing the two channel
structures with common droplet generating microfluidic
structures, the narrowed channel corresponds to a flow-
focusing device and the straight channel corresponds to a co-
flow/coaxial-flow structure.

3.3 Hydrogel time behaviour

The most crucial characteristics of storage devices are the
writing and read-out time. For the devices introduced here
the writing time is determined by the swelling time constant
Tswenl Of the hydrogels (loading speed) and the read-out time
by the dispensing time including the shrinking process. The
swelling and shrinking processes are diffusion-based pro-
cesses and are equally fast.** Nevertheless, there are scenar-
ios in which the swelling and shrinking time behaviour can
be different. These scenarios are a) counter forces on the
expanding hydrogel, b) covalent attachment of the hydrogel
to a surface and c) limitations in the swelling medium sup-
ply. In our microfluidic devices we have on the one hand a
counter force on the expanding hydrogel by the channel top
as soon as the swelling hydrogels touches the top of the
channel. On the other hand the hydrogels are also covalently
attached to the glass surface. Therefore scenarios a) and b)
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apply to our system leading to a slow swelling process com-
pared to the shrinking process. Consequently the shrinking
and droplet formation is fast compared to the swelling pro-
cess (see ESIT S5), so the most time consuming step for de-
vice performance is the loading process. Hence we focus on
the swelling process for the hydrogel characterisation.

From the swelling kinetics theory published by Tanaka
et al***® it is known that the time constant for the swelling
process can be calculated from the swelling curves obtained by
measuring the degree of swelling as a function of time (see S1+
and Fig. 10d). Eqn (6) describes the change of the hydrogel size
= in dependence on time due to the swelling process.*

max

U U,

max

U —U(2)

[1]

=In

(6)

Umax refers to the maximum size of the hydrogel, U(t) to
the hydrogel size at a certain time ¢ and U, to the hydrogel
size at the beginning of the swelling process. With a linear fit
in the corresponding curves shown in Fig. 10(a—c) the time
constant can be calculated (eqn (7)).

1

Tswcll = (7)
m

From the linear fit, we can estimate the slope m and calculate
the time constant 7y, Which scales also with the gel dimen-
sions (see eqn (10)). The time constants for the different hydro-
gel sizes are plotted in Fig. 10(e). The graph shows that with in-
creasing hydrogel size the time constant also increases. The
smallest hydrogel exhibits the shortest time constant which im-
plies that the smallest hydrogel is also the fastest one in the
swelling process. Taking into account the fact that the swelling
process is a diffusion-driven process, this result seems apparent.

Subsequently we compare the hydrogel with an electric capaci-
tance and its dynamic characteristics.’® The calculated time con-
stant refers to the time required to achieve 63% of the final de-
gree of swelling. In analogy to electronics, a capacitor is
considered as fully loaded after a time of 5 X 7. (=99% loaded).
For the device time behaviour we concluded that a device with a
400 um gel needs around 11 min (660 s) as the writing time and
devices with the other two hydrogel sizes around 19 min (1140 s).

The similarity of the time constants for 600 um and 800
um hydrogels results from a large difference in the cross-
linking density of these hydrogels. For the explanation we cal-
culate the cooperative diffusion coefficient D.qop, and the de-
gree of swelling Q (eqn (8)).

A,
Q — _““swollen ( 8)

shrunken

In eqn (8) the Agyonien (top view area of the swollen hydro-
gel) and the sizegp unken (top view area of the shrunken hydro-
gel) are the sizes of the hydrogels in the beginning of the
swelling process (Fig. 10d) and the biggest size in the swell-
ing curve, respectively. For the calculation of the cooperative
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Fig. 10 Swelling curves (d) for each hydrogel size and the recalculated swelling curves following eqn (6)) (a—c). The first part of these curves was
used for linear curve fitting and calculation of the time constant for the swelling process. Time constant 7 for the different hydrogel sizes is shown
in (e), where the time constants are plotted over the polymerisation mask aperture. The degree of swelling and the cooperative diffusion

coefficient are shown in (f).

diffusion coefficient, the following equation was wused
(eqn (9)).”

- E ! (9)

coop A 2
3 H ’Tswell

Here, D.oop refers to the cooperative diffusion coefficient
and [ to the half of the polymerisation mask aperture.

The cross-linking density affects the cooperative diffusion
coefficient, the time constant and also the degree of swelling.
With higher cross-linking density the cooperative diffusion
coefficient will increase whereas the time constant and the de-
gree of swelling will decrease.*® Fig. 10(e and f) demonstrate this
behaviour. Do, increases nearly linear with increasing hy-
drogel size which is a hint for an increasing cross-linking
density.*® From previous publications it is known that the co-
operative diffusion coefficient for PNIPAAm lies at 2.3 x 107’
to 3.6 x 107 cm” s™' so the shown results fit well to this
data.”” With higher cross-linking density the degree of swell-
ing decreases so that a hydrogel reaches its maximum degree
of swelling faster.

The degree of swelling and the cooperative diffusion coef-
ficient imply that the time constant similarity for the two big-
ger gels is an effect of the increasing cross-linking density. A
bigger hydrogel exhibits a longer time constant than smaller
hydrogels if their cross-linking densities are comparable. If
the cross-linking densities differ too much (e.g. a higher den-
sity for the bigger gel) a bigger hydrogel can become faster in

3986 | Lab Chip, 2016, 16, 3977-3989

the swelling process than a smaller gel. The reason for the
cross-linking density differences lies in the polymerisation
process. At the same polymerisation time, a hydrogel with a
bigger polymerisation mask aperture will develop a higher
degree of cross-linking compared to the one with a smaller
mask aperture. This observation gives us the possibility to al-
ter a material parameter (device parameters, see section
3.1.2) by the mask aperture or the polymerisation time. The
cooperative diffusion coefficient describes a material parame-
ter inside a device.

With the results presented in this section we demon-
strated that the mask aperture influences the hydrogel prop-
erties and thereby also a material parameter. The reasons for
the influence of the mask aperture on the cross-linking den-
sity are the light scattering effects at the mask boundaries
and diffraction. The effect can be compared with a standard
photolithography process. Here it is almost known that the
exposure time required for suitable feature sizes depends on
the mask aperture. With decreasing feature sizes the expo-
sure time has to be increased. For the photopatterning of
hydrogels, the effect is quite similar. We used a black PET
sheet to absorb scattered light to enhance the pattern fidel-
ity.*® Therefore, less light will be available for starting the
polymerisation process at smaller mask apertures. We chose
a constant exposure time for all three hydrogel sizes causing
the bigger hydrogels to be overexposed by tendency. The over
exposure of the hydrogels becomes apparent when the time
constants are calculated for each system as shown in section
3.1.1. The by tendency over exposure of bigger hydrogels

This journal is © The Royal Society of Chemistry 2016
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needs to be considered when dimensioning a system and can
be specifically used to adjust the dynamic properties.

In a previous publication the authors show that the size of
a uniform UV beam used for photopatterning of hydrogels in-
fluences the polymer formation process. As Park et al*®
stated, there are still open questions regarding the process.
They expressed the assumptions that the gelation and the
sample thickness (chamber height) affect the polymerisation
procedure. In the first investigations we found that the
Young's modulus of photo-patterned PNIPAAm hydrogels dif-
fers for the boundary and the gel's centre. At the boundary,
the gel is softer than in the middle, indicating that at the
boundary the cross-linking density is smaller. We assume
that this is also a result of scattered light at the mask
boundaries.

4 Conclusions

We introduce a new microfluidic device concept which allows
the storage and also dispensing of aqueous solutions and re-
agents on a chip. By combining hydrogels with the approach
of discontinuous microfluidic systems, the devices show
promising features for microfluidic application like well-
defined volume and reagent storage and the possibility of
dispensing the stored molecules, all these in an evaporation-
protected oil environment. With a complex setup for precise
temperature control, it is possible to collapse the hydrogels
and form water-in-oil droplets, which makes this microfluidic
system also a continuous to discontinuous microfluidic inter-
face like a droplet generating structure. Using simulations
and swelling measurements different parameters like mate-
rial parameters (hydrogel polymerisation), time behaviour
and dispensing functionality were investigated. With the in-
herent scalability, this device concept can become interesting
for solving microfluidic storing problems.

Currently the time behaviour of the device is limited by
the swelling process. However, because of the diffusion-based
time performance hydrogel technology provides the possibil-
ity of scaling the time behaviour by the device dimensions.
By down-scaling the system dimensions and especially the
hydrogel size, the swelling time performance and therefore
the device time behaviour can be sped up (see eqn (10)). The
characteristic time constant 7., scales to the square of the
characteristic diffusion dimension s of the gel component.*’
For example, with a two times reduction in the gel size the re-
quired time for swelling will be reduced by a factor of four.
In other words, if we scale down the 400 um hydrogel consid-
ered in the measurements to 50 um (=factor of eight) the
time constant will decrease from 132 s to 2 s. Fabrication of
hydrogels with a diameter of 50 um can be conducted by ink-
jet printing technologies.”® Another possibility of accelerating
the hydrogel swelling is the usage of copolymer hydrogels.

T

swell —

(10)

coop
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The idea for the usage of the demonstrated device is to
use the hydrogel one time. For example, if some molecules
like enzymes are stored in the hydrogel which were after-
wards dispensed as dissolved molecules in the droplet, a re-
usage of the hydrogel will not be meaningful. Furthermore,
cross-contamination of solutions is possible, as hydrogels
never deswell completely and contain therefore some
amounts of the stored substances. In principle, the hydrogel
can be reused by flushing the channel with water to change
the gel environment from oil to water. The gel will swell
again and further droplets can be generated.

Taking into account the fact that the demonstrated combi-
nation of discontinuous microfluidic systems and stimuli-
responsive hydrogels in a closed channel system is a new ap-
proach in microfluidics, ongoing investigations and technol-
ogy nodes are challenging. Technology and method develop-
ment for down-scaling and high integration of smart
hydrogels have to be focused on in future efforts. A resistive
heater platform for precise hydrogel adjustment becomes
necessary for addressing specific hydrogels e.g. in a hydrogel
array configuration. Another challenge in the platform tech-
nology development will be the control of the droplet move-
ment. Abate et al.>" showed the possibility of using micro-
pneumatics for controlling the flow of water-in-oil droplets
on a chip. A combination of the micropneumatic platform
with the demonstrated device would result in a versatile hy-
brid system capable of storing defined liquid volumes on a
chip in a solid manner (compared to a chamber-based micro-
fluidic memory storage device®® with the capability of read-
out).

The introduced device is based on a new concept and
therefore we do not claim to foresee the importance or rele-
vance of the demonstrated devices for the microfluidic com-
munity. But we think that there are some applications for
which such devices become interesting. As already men-
tioned, hydrogels are well known to act as size-selective cap-
turing matrices of low-molecular-weight biomarkers, making
them interesting for cancer-related studies. Hydrogels can be
used to selectively extract biomarkers out of a complex envi-
ronment. By changing the environment to oil after molecule
extraction, the volume and the place where the molecules are
stored can be discretised. Such a discretisation or separation
is important to e.g. prevent cross-reactions during a bio-
chemical assay. By using the dispensing functionality, the se-
lectively captured biomarkers can be read-out and used for
further investigations.

Furthermore, hydrogels are known to stabilise sensitive
biological materials like enzymes so that they stay in an ac-
tive state. With the here shown concept, such sensitive mate-
rials can be integrated into a microfluidic chip and de-
immobilised by heating the hydrogels in a controlled manner
so that water-in-oil droplets were formed with re-mobilised
enzymes also capable of performing ongoing biochemical
studies.

Finally as mentioned before, these devices are also inter-
esting for basic studies on hydrogel-related shrinking
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phenomena. Hydrogel shrinking in an oil environment allows
the shrinking process to be investigated in a new way. We
were able to visualize the inhomogeneous water expelling
from the hydrogel which can be explained by the formation
of spatial inhomogeneities in the polymer network due to
phase separation during the shrinking process of the
hydrogel.”
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