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ABSTRACT: Reversible light-responsive hydrogel valves with
response characteristics compatible for microfluidics have been
obtained by optimization of molecular design of spiropyran
photoswitches and gel composition. Self-protonating gel
formulations were exploited, wherein acrylic acid was
copolymerized in the hydrogel network as an internal proton
donor, to achieve a swollen state of the hydrogel in water at
neutral pH. Light-responsive properties were endowed upon
the hydrogels by copolymerization of spiropyran chromo-
phores, using electron withdrawing and donating groups to
tune the gel-swelling and shrinkage behavior. In all cases, the
shrinkage was determined by the water diffusion rate, while for the swelling the isomerization kinetics is the rate-determining
step. For one hydrogel, reversible and reproducible volume changes were observed. Finally, gel-valves integrated within
microfluidic channels were fabricated, allowing reversible and repeatable operation, with opening and closing of the valve in
minutes.

■ INTRODUCTION

Light-responsive coatings and materials have been an attractive
field of research in recent years.1−5 Photoswitching allows
alteration in the dimensional and structural composition of the
material with highly precise and localized actuation, without
direct contact between the material and the actuating stimulus
and with minimum impact on environmental conditions.6−11

This approach is appealing for optical data storage,12 actuators,1

and valves in microfluidics.13−21 In particular, the latter
application ideally requires fast and reversible actuation of the
valve structure in order to work efficiently. Key requirements
for successful adoption are manufacturability combined with
reliability, durability, and low cost, particularly when employing
these fluidic systems in analytical instruments at remote
locations.22 However, until now, most examples are based on
temperature-responsive systems, which are not readily
implementable in microfluidics.18,20,23,24 Hydrogel-based mate-
rials in which a photochrome is covalently incorporated in the
polymer backbone can exhibit significant volume changes using
light as the actuation stimulus.25 Various photochromes have
been studied that exhibit light-induced isomerization, e.g.,
azobenzenes26,27 and spiropyrans (Sp).1 Significantly large
changes in the dimensionality of a gel can be achieved using Sp-
derivatives. In an acidic environment, the stable hydrophilic
isomer merocyanine-H+ (McH+) is formed, which can be

switched using light, to the ring-closed hydrophobic spiropyran
form, changing the overall character of a hydrogel, e.g., from
predominantly hydrophilic to predominantly hydrophobic,
allowing repeatable swelling and shrinkage of the material,
due to accompanying water uptake and release (Figure 1).
Recently, several approaches involving light-responsive

poly(N-isopropylacrylamide) (pNIPAM)-based hydrogels con-
taining a photochromic compound, that isomerizes and
therefore contracts and swells the gels, have been
reported.9,26,28−30 Nevertheless, valves have only rarely been
investigated using light-responsive hydrogels. Only a reversible
spiropyran-based hydrogel valve with fast opening has been
demonstrated. However, the time required to close this valve by
reswelling was found to be on the order of 1 h, thus essentially
limiting the potential applications to single use devices.7

A possible solution for obtaining reversible and repeatable
operation with fast opening and closing speed is to modify the
chemical nature of the photochromic molecule. Isomerization
rates of Sp are strongly dependent on the substituents (Figure
2) as shown by Satoh et al.28,31 Not only the kind of substituent
(electron withdrawing or donating) but also the position was
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found to change the kinetics in an acidic environment, where an
electron donating group at the 8′ position was the fastest of the
molecules compared. However, an acidic environment is not
always desirable, as neutral pHs are frequently required in many
analytical methods and biological assays, e.g., protein analysis.7

Therefore, inspired by the work of Zioł́kowski et al.,9 the
following study employed a self-protonating system wherein
acrylic acid is copolymerized into the hydrogel to provide an
internalized source of protons.
In the present work, the molecular structure of the Sp was

optimized (Figure 2) showing improved photoresponsive
characteristics that were manifested also by reversible volume
changes and a good valve function in microfluidic applications.
In a structure−property relationship study, the effect of various
substituents on the photoisomerization speed of spiropyran
derivatives and the corresponding macroscopic impact on
hydration and dehydration of a hydrogel incorporating these
derivatives is presented. The molecular kinetics of various Sp
derivatives is coupled to the corresponding shrinking/swelling
kinetics of small hydrogel disks as a model study and
subsequently the incorporation of the gel with fastest actuation
properties into a microfluidic chip was realized to show the
reversibility and reusability. The photoactuation process was
performed under neutral, aqueous conditions by illumination
with a low-cost light-emitting diode (LED). This study and

configuration opens up new opportunities to integrate low-cost
valving functions within microfluidic systems using compact,
low-cost, and low-energy irradiation sources.

■ EXPERIMENTAL SECTION
Sample Preparation. For the fabrication of the hydrogels, a 2:1

dioxane and water mixture (0.5 mg/μL) was prepared containing 91
mol % NIPAM, 5 mol % acrylic acid, 2 mol % N,N′-methylenebis-
(acrylamide) (MBIS), 1 mol % Irgacure 819 as white light photo
initiator and 1 mol % of the corresponding Sp (Figures 2 and 3).

To monitor the isomerization kinetics, thin films of the photo-
responsive gels were prepared and attached to a glass slide, using a cell
composed of 50 μm pressure sensitive adhesive spaced glass slides
filled with each monomer solution. The internal surface of the bottom
slide of this cell was functionalized with 3-(trimethoxysilyl)propyl
methacrylate to ensure covalent attachment of the gel to maintain a
flat film for spectrometer mounting. For easy removal of the top glass
slide of the cell, the corresponding glass plate is functionalized with a
fluorinated compound (1H,1H,2H,2H-Perfluorodecyl-triethoxysilane).
Subsequently, the filled cell was illuminated with white light for 15 s to
achieve a cross-linked network. The fluorinated glass was removed,
and the samples were allowed to dry before being submerged in water
overnight, to ensure a fully equilibrated hydrated state.

To investigate the volume changes of the light responsive hydrogels,
disks were prepared using a cell consisting of a nonfunctionalized
microscope glass slide and a 192-μm thick pressure sensitive adhesive
spacer capped with a microscope cover glass slide with an attached
mask having 1 mm diameter holes. The material was illuminated for 15
s using a broadband spectrum (400−750 nm) white LED lamp at 1 cm
above the mask to form the disks. The capping slide/mask was then
removed and the disks mimicking valves were carefully rinsed and
transferred into a container filled with distilled water and left overnight
to swell and ensure an equilibrium hydrated state. It is assumed that
the isomerization kinetics in the covalently attached material is similar
to the isomerization kinetics in the hydrogel disks.

Microfluidic Valve Preparation and Actuation. Valves were
polymerized in situ within microfluidic channels situated within
PMMA chips. The two-layer chips were prepared from 1.5 mm thick
PMMA sheets. The microfluidic microchannels, liquid inlet and an
outlet, and a circular feature with central pillar (for housing the valve)
were micromilled on the base layer and then sealed to the top capping
layer using a UV-thermal technique. The microchannel dimensions
were 1 mm wide and 0.150 mm deep, while the circular chamber and
pillar were 2.6 mm and 1 mm in diameter, respectively. The
microchannel was filled initially with the monomer solution, and the
valve was created by irradiation of the solution with blue LED light at
450 nm peak wavelength, using a suitable mask to define the valve
dimensions. After creation of the valve structure in situ, the
microfluidic system was rinsed using deionized water to remove the
non illuminated monomer solution. An in-house developed blue LED
(430−470 nm) system was subsequently used for actuation of the

Figure 1. Isomerization of a protonated merocyanine (McH+) and the
spiropyran (Sp) form (A) with the corresponding effect on the size of
a hydrogel by irradiation with light (B), implemented as light-
responsive valve in microfluidics (C).

Figure 2. Synthesized structures used for this study with an ester (3)
or ether (2) at the 6′ position and an ether (1) at the 8′ position.

Figure 3. Materials used for preparing the light-responsive hydrogels.
For R and R′, see Figure 2.
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valves. The channels are filled with water overnight to allow the valves
to fully swell and prime the chip.
Valve performance was assessed using an in-house designed

constant head platform to generate a constant flow through the
system. Valve opening was achieved via exposure to blue LED light
(peak wavelength at 450 nm) for 1 min, while closure occurred
spontaneously when the LED light source was turned off, as thermal
equilibrium favors formation of the McH+ isomer. Liquid flow through
the chip was monitored as the valve opened and closed using a
Fluigent L FRP Flow Meter and FRP Flowboard.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis of the Spiropyran. Sp

derivatives (Figure 2) were synthesized with an ester or an
ether moiety at the 6′ position (2 and 3) or an ether moiety at
the 8′ position (1), whereby the ester acts as an electron
withdrawing substituent and the ether as an electron donating
substituent.31 The Sp-based derivatives 2 and 3 were
synthesized according to procedures reported earlier,9−11

whereas the Sp-8′ derivative 1 is a novel compound. For
synthesizing this derivative, a Fisher base and the correspond-
ing salicylaldehyde are condensed to form the spiropyran
derivative with a hydroxyl group at the desired 8′ position.
Subsequently, a Williamson ether synthesis of the Sp with 6-
bromohexyl acrylate under Finkelstein conditions using
potassium iodine and potassium carbonate in 2-butanone
results in the corresponding Sp-ether derivative 1. After
purification 1 was fully characterized.
Synthesis and Characterization of the Hydrogels. To

accurately monitor the isomerization kinetics of the hydrogels,
the photoresponsive hydrogels (91 mol % NIPAM, 5 mol %
acrylic acid, 2 mol % MBIS, 1 mol % Irgacure 819 and 1 mol %
1, 2, or 3) were attached to a glass slide. Subsequently, these
slides were positioned inside a custom fabricated PMMA-based
cuvette containing water allowing direct contact of water with
the hydrogel. Hydrogel 1 showed a single strong absorbance
band at λmax = 403 nm, while 2 shows two absorbance peaks at
λmax = 376 and 467 nm. Hydrogel 3 has an absorbance peak at
λmax = 425 nm. It should be noted that no absorption peaks
were observed at longer wavelength, indicating the absence of
the nonprotonated merocyanine form (vide supra). These
spectral characteristics are typical for protonated merocyanine
(McH+), and the observed red shift of the absorption maximum
for the different derivatives is in agreement with previous
reported spiropyran substituted linear pNIPAM polymers.31

Before switching the material with light, the amount of
protonated merocyanine (McH+) in the hydrogels was
determined using UV−vis spectrophotometry at various
concentrations of HCl ranging from 0.05 M to 1 M.31 At a
concentration of 1 M HCl, it is assumed that Sp is completely
in the McH+ form. Subsequently, 0.2 M triethylamine in water
was then brought in contact with the hydrogel to produce both
the Sp and Mc form, as was indicated by the appearance of an
additional absorbance peak at higher wavelengths, characteristic
of Merocyanine31 (Supporting Information, SI, Figure S4).
Upon exposure to increasing concentrations of HCl, the

absorbance intensity at 403 nm of hydrogel 1 increases (1 M
HCl). After 150 min of exposure to this HCl concentration, no
further increase is observed (SI Figure S5). This reveals that
around 84% of the spiropyran is in the McH+ form (eq 2 in the
SI). A similar procedure was used to determine the McH+

fraction in hydrogels 2 and 3, resulting in 78% and near 100%,
respectively (SI Figures S6 and S7). The fraction of McH+ in 3
is surprisingly high, as one would expect this value to be lower

due to the electron withdrawing nature of the ester which
should destabilize the positively charged protonated mercocya-
nine.
To determine the volume change in the hydrogels, free-

standing hydrogel disks, with dimensions similar to the valves
(vide infra), were prepared having an initial diameter of 1 mm
and thickness of 192 μm before storing in deionized water. The
size of the gel disk (Figure 4; middle) in deionized water was

measured as the average of 3 disks (see SI Figure S2). The
largest disk was obtained with compound 2 (2.32 mm2).
Compound 3 had an average size of 2.00 mm2 and compound 1
an average size of 1.22 mm2 calculated by measuring the
amount of pixels in a microscope photograph using ImageJ
software (Table 1). Remarkably, there is no correlation
between the amount of McH+ and the initial size of the

Figure 4. Top: Photographs of the surface attached hydrogels used for
the kinetics measurements. Middle: Hydrogel disks made to measure
the swelling effects. Bottom: UV−vis spectra the surface attached
hydrogels based on compounds 1, 2, and 3.

Table 1. Properties of the Hydrogel Disks and Surface
Attached Hydrogels

λmax (nm)

concentration merocyanine
in the gel exposed
to pure water (%)a

initial area/size
(mm2/mm)c

1 403 84 1.22 mm2, d = 1.250 mm
2 376 467 78 2.32 mm2, d = 1.719 mm
3 425 near 100b 2.00 mm2, d = 1.596 mm

aCalculated using eq 2 (See SI). bFluctuations were observed.
cCalculated as the average of 3 gels using the area in pixels (SI Figures
S2, S3, and S8). One pixel = 5 × 5 μm2, circle is assumed for
calculating the diameter d.
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hydrogel disks. This shows that other factors such as the spacer
length between photochromic moiety and the pNIPAM
backbone could play an important role. It should be noted
that the difference in initial size of the hydrogel disks is most
likely not a determining factor for volume changes, as the
thickness (z) for all gels is far smaller than the area (x−y plane),
i.e., z ≪ x,y.
Photoswitching and Actuation of Hydrogels: Shrink-

ing the Material. To measure the isomerization kinetics of
McH+ to Sp, the surface attached hydrogels were illuminated
with white light for 300 s. Upon illumination, the absorbance
measured at the peak maximum decreased rapidly, indicating
that the isomerization of McH+ is fast. The resulting UV−vis
absorption spectrum indicates the formation of the Sp form.1

The absorbance at the photostationary state (pss) is in all cases
close to zero (SI Figure S1) pointing to a quantitative
conversion of the McH+ to the Sp form. Compound 3 requires
∼12 s before reaching the pss, while 2 and 1 require ∼75 and
∼90 s, respectively (Figure 5). This indicates that 3 has the
fastest molecular closing kinetics, which is what one would
expect, due to the electron withdrawing nature of the ester
units.

When the free-standing gels were exposed to white light,
rapid shrinkage of the disk occurs. A stereomicroscope was
used to track the degree of shrinkage every 30 s, and the surface
area was calculated. Upon plotting the disk area versus time,
one can see that the slope of the shrinkage is very similar in all
situations. All gel disks shrink to ca. 60% of their original area.
The minimal size of the gel after 300 s illumination was 65, 58,
and 54% of the initial area of the hydrogels 1, 2, and 3,
respectively (Figures 5 and 8). These results show that the
volume shrinkage is relatively independent of the spiropyran
derivative used. When comparing the McH+ isomerization and
gel swell kinetics (Figure 5), it is clear that the shrinking of the
gel is the rate limiting step since the pss is already reached after
maximal 90 s, while the gel still does not show maximum
shrinkage even after 300 s of illumination.
Photoswitching and Actuation of Hydrogels: Reswel-

ling of the Material. When the material is allowed to reswell
in the dark for 1800 s, the formation of McH+ can be tracked
over time using UV−vis spectroscopy. The conversion of Sp to

McH+ appeared to follow first order kinetics in all three cases.
In Figure 6, the normalized absorbance of the McH+ versus
time plot shows that 1 has the fastest ring opening kinetics
indicated by the slope. After 1800 s, 1 recovered to 92% of the
original protonated merocyanine absorbance, while 3 and 2
only recovered to 65% and 38% of the original absorbance,
respectively. The isomerization rate coefficient kSp→McH of 1
was found to be 2.78 × 10−3 s−1, while 2 is 1.08 × 10−3 s−1 and
3 is 2.77 × 10−4 s−1 making 1 ca. 2.5 times faster than 2, and ca.
10 times faster than 3. The rate of isomerization and the trend
is comparable to earlier reported result in acidic media,11,31

where it is shown that electron donating groups at the 8′
position increase the isomerization to McH+

.
The volume changes in the hydrogel disks were also

monitored over the same time frame and the area was
measured every minute (Figure 6). Upon reswelling, only the
gel containing 1 recovered its approximate initial size (99%),
while the 2 and 3 recovered only 72% and 75%, respectively.
When comparing the Sp isomerization and gel swell kinetics
(Figure 6), the data suggests that the isomerization kinetics is
the rate limiting step since the pss is still not reached after the
allocated 1800 s recovery time. Remarkably only in the case of
hydrogel 1, the reswelling kinetics track the isomerization
kinetics, until an almost full volume recovery of the hydrogel
disk is reached within the 1800 s recovery time.

Figure 5. Isomerization of McH+ to Sp in both the surface attached
hydrogel (solid line) and the corresponding shrinkage (dashed line) of
the hydrogel disks during 300 s irradiation with white light. The
absorbance was measured at the λmax; 403, 467, and 425 nm for 1, 2,
and 3, respectively.

Figure 6. Isomerization of Sp to McH+ in both the surface attached
hydrogel (solid line) and the corresponding swelling (dashed line) of
the hydrogel disks during 1800 s in the dark. The absorbance was
measured at λmax; 403, 467, and 425 for 1, 2, and 3, respectively.

Figure 7. Normalized plot of the area of the disk depicting the
macroscopic swelling effects upon three consecutive illumination and
relaxation runs.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b01860
Chem. Mater. 2015, 27, 5925−5931

5928

http://dx.doi.org/10.1021/acs.chemmater.5b01860
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemmater.5b01860&iName=master.img-005.jpg&w=225&h=151
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemmater.5b01860&iName=master.img-006.jpg&w=223&h=150
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemmater.5b01860&iName=master.img-007.jpg&w=201&h=148


Photoswitching and Actuation of Hydrogels: Rever-
sibility. The illumination followed by recovery in the dark was
repeated three times to investigate the reversibility of the light
induced volume changes of the hydrogels. UV−vis measure-
ments show that the fraction of McH+ and Sp formed is
constant. (SI Figure S9). In addition, the isomerization kinetics
is not changing, revealing full reversibility of the isomerization
process. Gels containing 1 exhibited swell recovery and only
exhibited minor loss of original size (Figures 7 and 8). In
contrast, the gel containing 2 and 3 decreases in size upon the
second and third illumination cycle, indicating that (i) the
minimal size is not reached and (ii) the swelling kinetics are
slower than in the gel containing compound 1.
After three cycles of 300 s illuminating and 1800 s

recovering, the size of the gel calculated using the data in
Figure 7 is 99, 58, and 66% of the initial area for 1, 2, and 3,
respectively. These data were obtained from the photographs
depicted in Figure 8 and is summarized in Table 2.
The hydrated gel size of derivatives 2 and 3 is observed to

decrease upon multiple illuminations (Figure 7) which could
potentially present a challenge when this material is used in a
valve configuration, since it could potentially result in leaking

through the valve after a number of switching cycles. In
contrast, the equivalent data for gels incorporating 1 suggest
that swelling and contracting behavior is reproducible, and
valves based on this gel formulation should be capable of
repetitive switching between open/closed configurations.

Isomerization Kinetics versus Swelling Kinetics. There
are two scenarios that can occur when correlating the
isomerization kinetics of the Sp derivative to the swelling and
shrinking behavior of the hydrogels:

1. The kinetics of the isomerization of Sp is faster than the
swelling kinetics: Diffusion limitation.

2. The kinetics of the isomerization of Sp is slower than the
swelling kinetics: Isomerization limitation.

To improve the swelling speed of the material, in the first
scenario the material can be dimensionally scaled down, as
there is a dependence of diffusion on the radius squared of the
material. In the second scenario, improvements can be obtained
by designing the molecular structure of the Sp derivative, so as
to enhance the isomerization kinetics. When plotting the
normalized Sp isomerization kinetics and gel swell kinetics in
one plot (Figure 5 and SI Figure S9), one can clearly see that
the shrinking of the gel is diffusion process limited. Upon
reswelling, in the case of both Sp-6′ derivatives (2 and 3), the
material does not return to its original size (Figure 8) in the
measured time limit. The isomerization kinetics are slower than
the recovery of the material, indicating that there is an
isomerization kinetics limitation. 1 however exhibits full
recovery of its initial swollen size in the measured timespan,
but it is debatable whether the kinetics of isomerization for 1
are in the same range or slower than the swelling kinetics. The
slope of both the swelling and isomerization curve is very
similar, indicating that these two observables are directly
connected to each other, i.e., the hydrophilicity changes which
occur upon isomerization are being translated to a change in
hydrophilicity of the entire material.
When examining the swelling profile in Figures 6 and 7 in

more detail, two separate situations are observed. For
derivatives 2 and 3, the initial swelling seems very steep and
suddenly reaches a plateau. Therefore, an initial diffusion
limitation followed by isomerization limitation seems to be
occurring. This is not the case for 1, where a gradual increase in
both the kinetics and extent of swelling is observed.
From the results above, it was clear that 1 exhibits the

greatest potential as a fast, reusable valve for implementation
due to its (almost) complete recovery.

Performance of Hydrogel-Based Microvalves. Hydro-
gel-based valves were produced to examine the application of
the macroscopic results observed above as a practical
application for fluid control. Since derivative 1 exhibited the
fastest isomerization kinetics and reversible swell/shrink profile,
light-switchable valves based on this gel were created. The valve
has similar dimensions as those obtained for the hydrogel disks

Figure 8. Photographs of the disks at the initial size and after three
runs of 300 s of illumination with white light and subsequently
recovering in the dark for 1800 s. The scale bar represents 500 μm
length.

Table 2. Kinetic Properties of the Used Hydrogel Disks and
Surface Attached Hydrogels

gel containing
spiropyran:

photo stationary
state (s) KSp→McH+ 103 s−1

swollen after
1800 sa

(1) ∼90 2.78 99%
(2) ∼75 1.08 58%
(3) ∼12 0.277 66%

aCalculated by the average of 3 gels in the last run using the data in
Figure 7 and SI Figure S3.
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in Figure 8, and the only difference is a pillar in the middle to
ensure that the valve stays in place. When the valve is placed in
the microfluidic device, no flow is observed in the channel
(Figure 9). However, when the valve was locally illuminated

using a blue LED, flow was observed in the channel within a
few seconds, indicating that the hydrogel valve rapidly shrinks
due to photoisomerization of the McH+ moiety. When the light
was turned off, the flow decreased and stopped, suggesting that
the valve spontaneously returned to its original size and blocked
the channel.
The light induced flow changes were monitored over time by

illuminating the valve with a blue (450 nm peak wavelength)
LED for 1 min followed by switching off the LED for 5 min.
Upon illumination, liquid flow was observed almost immedi-
ately, reaching ca. 7 μL/min after 1 min (Figure 10). After

switching off the LED, the flow decreased to nearly zero within
5 min suggesting that valve closure was essentially complete
within this time. During the open/close cycle, around 15 μL
volume of liquid passed.32 For hydrogel 1, a 10% shrinkage
occurs during the illumination period (Figure 5), while after 5
min in the dark complete recovery to the original size is
observed. Interestingly, the opening and closing of the valves
can at least be repeated four times, showing that the valve
actuation is reversible (Figure 10). These results show the

potential of photoresponsive hydrogels based valves to provide
flexible flow control within microfluidic chips.

■ CONCLUSIONS
In this paper, we have demonstrated that molecular design of
the photochromic compound is important for optimizing the
responsive properties of associated hydrogels. Changing the
spiropyran derivative produces significant improvement of the
isomerization speed and the reversible swelling/shrinking
behavior of the hydrogels. These hydrogels could be applied
as an efficient valve in a microfluidic device. The in situ
photopolymerization of these valving gels opens up a new and
flexible way to control liquid flow in microfluidics that can be
widely employed in analytical devices. The simplified, compact
configuration and noncontact operation with LED illumination
also allows flow control in completely sealed fluidic units, in
contract to electro-switched valves. Our results are not only
interesting for microfluidics, but also can be applied to other
hydrogel actuating material applications, in which switching
speed and reversibility are crucial.
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