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applications

Jeroen ter Schiphorst,†a Janire Saez,†b Dermot Diamond,*c

Fernando Benito-Lopez *b and Albertus P. H. J. Schenning *a

While the microfluidic device itself may be small, often the equipment required to control fluidics in the

chip unit is large e.g. pumps, valves and mixing units, which can severely limit practical use and functional

scalability. In addition, components associated with fluidic control of the device, more specifically the

valves and pumps, contribute significantly to the overall unit cost. Here we sketch the problem of a gap be-

tween high end accurate, but expensive sensor platforms, versus less accurate, but widely employable

hand-held low-cost devices. Recent research has shown that the integration of light-responsive materials

within microfluidic devices can provide the function of expensive fluidic components, and potentially en-

able sophisticated measurements to be made using much less expensive equipment. An overview of the

most recent developments will be presented for valves, mixers, transport and sample handling inside

microfluidic devices.

Introduction

Microfluidic devices have been the subject of intense research
activity the recent years, as they can allow complex measure-
ments to be performed faster, with less waste generation, at
lower cost, through miniaturisation and parallelisation of pro-
cesses, resulting in highly efficient, high throughput and ac-
curate and controllable analytical measurements.1–4 However,
these devices typically require external components to fulfil
critical functions, resulting in a chip-in-a-lab, rather than a
lab-on-a-chip (Fig. 1).

This makes these devices limited for use in hand-held de-
vices or in situ measurements, where interest is more towards
large scale deployment with high sample frequency, rather
than achieving the highest possible accuracy. A good example
is the need for in situ monitoring of water quality in lakes or
rivers, which at present is performed by manual sampling,
typically once every 3 months, often missing spikes in pollu-
tion or giving misleading information when sampling at a
temporary point of high or low pollution. The ideal scenario
is to deploy sensors at multiple locations to provide informa-

tion for citizens through the internet. At present, this is lim-
ited by the high cost of the measuring platforms, which can
be >€20.000 per unit. Clearly there is a need to drive down
unit costs significantly, towards a more acceptable €2000 or
less. In order to achieve this, new materials and concepts for
microfluidic devices are required.5

Often, while the microfluidic device itself may be small,
the equipment required to use the device itself is large, e.g.
pumps, valves and mixing components. Moreover, the re-
quirement of microscopes or other sophisticated optical or
electrical elements for detection are drawbacks for the practi-
cal use of microfluidic technology outside the laboratory.
Therefore, the combination of detection units with conven-
tional valves, pumps and mixers components, limits the scal-
ability and prospects for the generation of relevant products
based on microfluidics. Another key factor to be considered
for autonomous devices placed in remote locations is the to-
tal energy consumption of the device. That energy should be
as low as possible in order to develop battery powered de-
vices, capable of functioning indefinitely through localised
energy scavenging.

Furthermore, an important factor to be considered, which
is common for all the already cited requirements, is the lim-
ited use of new approaches to overcome these drawbacks,
which unfortunately continue to appear in most of the micro-
fluidic devices published in the literature. For instance,
valves are often located off-chip, which is unscalable to more
complex fluidic designs, and approaches that integrate large
numbers of valves tend to require off-chip connections for ac-
tuation (e.g. pressure source).6 Combining fully integrating
valves inside the channel with simple actuation control is

Lab Chip, 2018, 18, 699–709 | 699This journal is © The Royal Society of Chemistry 2018

a Functional Organic Materials and Devices, Department of Chemical Engineering

and Chemistry, Eindhoven University of Technology, P.O. Box 513, Eindhoven,

5600 MB, The Netherlands. E-mail: a.p.h.j.schenning@tue.nl
b Analytical Microsystems & Materials for Lab-on-a-Chip (AMMa-LOAC) Group,

Microfluidics Cluster UPV/EHU, Analytical Chemistry Department, University of the

Basque Country UPV/EHU, Vitoria-Gasteiz, Spain. E-mail: fernando.benito@ehu.eus
c INSIGHT Centre for Data Analytics, National Centre of Sensor Research, Dublin

City University, Dublin 9, Ireland

† Both authors contributed equally to this work.

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 E
in

dh
ov

en
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 2

7/
03

/2
01

8 
07

:5
0:

50
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c7lc01297g&domain=pdf&date_stamp=2018-02-22
http://orcid.org/0000-0003-0699-5507
http://orcid.org/0000-0002-3485-1984
http://dx.doi.org/10.1039/c7lc01297g
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC018005


700 | Lab Chip, 2018, 18, 699–709 This journal is © The Royal Society of Chemistry 2018

therefore a very attractive option for advancing microfluidics
generally.

Recent research has shown that the integration of stimuli-
responsive materials within microfluidic devices can lead to
the development of novel in situ, microscale mechanical com-
ponents with the potential to produce vastly simplified and
highly efficient fluidic chip configurations.7–10 The use of inte-
grated responsive materials requires less energy for operation
and less dead volume through the elimination of significant
amounts of tubing and inter-connects. The development of
such smart devices reduces the unit cost, platform dimensions
and complexity, in comparison to existing microfluidic devices.
Such advances also open the way to a more modular approach
to creating microfluidic devices, where the chip can be
redesigned and replaced on the platform, allowing exchange of
the chip unit and/or components in a cartridge form.

In analytical applications, microfluidic platforms typically
perform several key operations. At the device front end, sam-
pling, sample preparation, valving, mixing and transport is
performed, while at the back end, analyte detection takes
place. Stimuli-responsive materials can be used for several of
these functions, and increasing interest in this topic is
reflected in the rising number of publications in recent years,
emerging since 2004.11 To actuate these materials, several
stimuli have been used e.g. temperature, pH, magnetic or
electric and light. Light is particularly interesting, as it allows
control over the components, without changing the interior
conditions of the channel. Furthermore, light and tempera-
ture effects can be strongly linked, as light can also be used
to induce a localised thermal response.

Several reviews on light-responsive materials and their in
microfluidics have been published previously,8,12–17 and most

recent overview of responsive materials for microfluidics was
given by Hilber18 in 2016. This review, entitled “Stimulus-
active polymer actuators for next-generation microfluidic de-
vices”, highlighted the unsolved problems that still confront
microfluidic technology. In that review the affirmation: “The
operator may face difficulties in connecting the microfluidic
device to ancillary hardware, such as external supplies,
valves, pumps and other microfluidic devices”, is highlighted,
in accordance with our vision of generating microfluidic de-
vices, where all functional parts reside inside the chip, rather
than external. In this review, we will assess recent progress in
light responsive materials for producing such internalised
microfluidic components including microvalves and micro-
mixers, along with the use of chemotactic microvehicles, re-
sponsive channel walls and sample handling to provide addi-
tional functionality.

Microvalves

Valves are used to ensure that liquids are at the correct place,
at the correct time, within the microchannel network of a
microfluidic device. Valves regulate fluid movement inside
the microfluidic channel, determining whether or not a fluid
is allowed to pass, as well as the amount of fluid that passes
per unit time. Often, a microfluidic device is set-up in such a
way, that fluids from different sources (e.g. sample, reagent)
must be thoroughly mixed to enable subsequent detection by
optical techniques. To achieve this, a microfluidic chip will
require multiple valves and as the complexity of the system
increases (e.g. multistage reagent addition, multicomponent
analysis), valving requirements also become more demand-
ing. Several valve configurations currently in common use are

Fig. 1 a) Microfluidic chip with several inlets, a mixing unit, an optical detection system and an outlet, b) connected to a measuring system,
resulting in a chip on a lab. Multiple pumps and valves are required to adjust the flow rates. c) Chip with integrated valves, allowing local
illumination to modify the flow rate. d) Completely integrated system. Current interest should focus on development of a lab on a chip, rather
than a chip in a lab.
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e.g. solenoid valves, screw valves, pneumatic valves6 and re-
cently hydrogel valves.7,10 Depending on the applied pres-
sures, desired accuracy and price that the user is willing to
pay, the correct valve can be selected for the desired applica-
tion. When multiple valves are needed in a microfluidic sys-
tem, and low cost is important for the end-user, a low price
for the valve is essential. In order to drive down the cost and
energy consumption of the device, pneumatic and hydrogel
valves are particularly interesting, as they can be applied
cheaply and allow parallelisation without driving the price up
too much. Hydrogel materials are based on the uptake and
release of water, associated with the so-called lower critical
solution temperature (LCST) behaviour. Below the LCST, the
hydrogel absorbs water and swells, while above this tempera-
ture, the hydrogel releases the water and shrinks. A com-
monly used material is poly N-isopropylacrylamide (pNIPAM),
a hydrogel with a LCST around 34 °C. Valves made of hydro-
gels are particularly interesting, as they frequently remain
closed when not being addressed and can be opened with
low energy light sources such as LEDs. Converting light to
heat can also be employed to produce actuation in gels
through LCST behaviour (Fig. 2a).19–21 Incorporating molecu-
lar photoswitches into the hydrogel produces similar actua-
tion behaviour triggered by light (Fig. 2b). Although both ap-
proaches are viable and interesting, this review will focus
particularly on photo-controlled gel actuation.

Recently, significant advances have been made to imple-
ment these valves in microfluidic devices for flow control,
while Park and co-workers22 showed that these hydrogel ma-
terials can be polymerised in situ within microfluidic chan-
nels with high precision and controlled shape.

Sugiura and co-workers7 showed an elegant way of gener-
ating a photoresponsive microvalve that can be controlled by
localised photopolymerisation (Fig. 2c). By incorporating a
spiropyran based moiety in the hydrogel and flowing acidic
water through the channel, the protonated merocyanine is
produced, which is hydrophilic. This triggers switching of the
chromophore to the predominantly hydrophilic from, with
associated swelling of the hydrogel due to water uptake and
closing of the microchannel. Under illumination with either
blue or white light, the reverse behaviour occurred, with gel
contraction and channel opening. Channel opening occurred
within seconds, but closing required several hours, effectively
limiting these valves to single use applications. Later, the
same group developed an on-chip fluid control strategy for
on-demand formation of arbitrary microchannels and paral-
lel control of multiple microvalves using a computer-
controlled micropatterned light irradiation on a photo-
responsive hydrogel sheet.24

In addition to slow channel closing, an acidic environ-
ment was required, which is not compatible with many appli-
cation scenarios, such as many biological processes that oc-
cur around neutral pH.8 Therefore, extending valve function
of these materials to neutral pH is important. Ziółkowski and
co-workers27 showed that the incorporation of acrylic acid in
the backbone of the hydrogel allowed usage of these mate-

rials at neutral pH, as the acid acts as an internal proton do-
nor, providing the required protons to stabilise the

Fig. 2 a) Light responsive pNIPAM valve containing MoS2 nanosheets
that can be heated by infrared light, resulting in photothermal opening
of the valve. Adapted with permission from ref. 21. Copyright American
Chemical Society 2016. b) Mechanism of light responsive hydrogel
valves, where the isomerisation of spiropyran results in a polarity
change. This change results in hydration or dehydration of a hydrogel
chain. When copolymerised with a crosslinker, a gel that can shrink
and swell by this principle is generated. Adapted with permission from
ref. 23. Copyright 2011 Royal Society of Chemistry. Copyright 2017
American Chemical Society. c) Incorporation of light-responsive hy-
drogel valves in microchannels, showing the possibility to individually
address these valves to let the fluid pass by (blue colour). Adapted with
permission from ref. 7. Copyright 2007 Elsevier.
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protonated merocyanine. Furthermore, Satoh and co-
workers28 showed that the swelling of the hydrogel (and
closing of the channel) could be sped up enormously by de-
signing the chromophore correctly, whereby the iso-
merisation kinetics in both directions were within the same
order of magnitude. This study together with the work of
Ziolkowski and Sugiura where the foundation of the develop-
ment of responsive hydrogels that allow manipulation of
fluid within a timescale of seconds at high accuracy at neu-
tral pH (Fig. 3a). Ter Schiphorst and co-workers10 identified
that the rate determining step for gel shrinking was diffu-
sion controlled, while gel swelling was limited by the molec-
ular kinetics of the photoswitch isomerisation (Fig. 3b). They
showed that combining above studies by designing
spiropyrans derivatives with more rapid isomerisation kinet-
ics produced gel valve structures that opened and closed
within a few minutes, in great contrast of previous valves
that required hours. This system employed a constant pres-
sure head method for generating fluid movement in the
microchannel. The speed of these valve can be even further
optimised by down-scaling the gel valve in size, which re-
duces the mean diffusion path length, as well as producing
molecular photoswitches with further enhanced iso-
merisation kinetics. As these hydrogel structures can be
polymerised in situ within the channel, arrays of valves can
be easily created that are individually addressed using ap-
propriately positioned LEDs, allowing the array of valves that
can be independently opened and closed. Coleman and co-
workers25 used a pulsating LED source to open and close
the valve, or to regulate the flow rate by maintaining the
valve at a state intermediate between fully open and closed,
Fig. 3c. It was found that using various pulse sequences pro-
duced an oscillation in the flow rate of the microfluidic chip
within seconds. The hydrogel tracked the pulse sequence of
the LED and the final flow rate was found to be dependent
on the on/off frequency and pulse duration of the light
source. This allowed the flow rate to be controlled by varying
the pulse frequency, whereby the hydrogel was operating out
of equilibrium as it was not capable to equilibrate within
the timeframe of the experiment. With recent developments
in computer platforms, e.g. Raspberry Pi and Arduino sys-
tems, powerful tools to individually address, register and
control the LED sources, as well as implementation of feed-
back loops, now allow the waveform of the incident light
from LEDs to be precisely controlled, making it possible to
address these valves individually and with high accuracy for
a relatively low cost. Delaney and co-workers26 showed that
these materials can be used for precision control of the flow
rate in microfluidic channels. In this work, a modular plat-
form was used, in which a photolayer containing multiple
LEDs positioned adjacent to equivalent photoresponsive
valve structures in a fluidic layer. A proportional integral-
derivative (PID) controller and a graphical user interface
allowed the user to set the desired flow-pattern with very
high precision, Fig. 3d. This system presented surprisingly
high stability for the hydrogel and LED, showing that several

hours of constant operation did not result in any drift of the
flow rate or need to increase the source power.

As hydrogels tend to be rather soft materials, their ability
to withstand higher pressures is limited. Various strategies
can be employed to combat this limitation, one of which is
to use ionogels rather than hydrogels. Ionogels are hybrid
materials typically composed of a polymer and a room tem-
perature ionic liquid (RTIL). When a RTIL is combined with
a hydrogel, three-dimensional gel networks are generated,

Fig. 3 The evolution of light responsive hydrogel valves. a) The valves
developed by ter Schiphorst and co-workers, showing rapid opening
upon illumination with blue light, but previously required several hours
to close, working in an acidic environment. b) Comparison of
molecular kinetics vs. macroscopic gel actuation, whereby the
shrinking of the material is diffusion limited and the swelling
isomerisation kinetics limited. a and b Adapted with permission from
ref. 10. Copyright 2015 American Chemical Society. c) A valve based
on a similar design as Sugiura, but containing a faster spiropyran
moiety and working at neutral pH. The effect of pulsating the light
source on the flowrate, shows that relatively stable flows can be
achieved using these systems. Adapted with permission from ref. 25.
Copyright 2017 Elsevier. d) Fine-tuning of these valves using a feed-
back loop, allowing precise control over the flow rate. Adapted with
permission from ref. 26. Copyright 2017 Royal Society of Chemistry.
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which acquire the physical and chemical properties of both
components.29 Ionogels improve the mechanical and the vis-
coelastic properties of the hydrogel, which have important
implications in the development of novel components for
microfluidic devices. In order to synthesise light responsive
ionogels, the ionogel can be photopolymerised with chromo-
phoric moieties in a manner similar to the hydrogels de-
scribed above.30

Valves based on these photoresponsive ionogels presented
fast actuation responses and response kinetics that could be
varied by changing the RTIL in the ionogel. This chemical
control of the ionogel and the actuation behaviour of the
valves facilitates the generation of flexible, low-cost, and low
power control units for liquid movement in microfluidic de-
vices. This research was recently further expanded, showing
that these valves can be used in a lab-on-a-disc configura-
tions, combining the use of centrifugal forces to move the
fluid from the centre of a disk to the outside of a disk with
non-contact valve control which is compatible with the spin-
ning disk.31

Micromixers

Valves and mixing in microfluidics often come hand in hand
as many processes inside microfluidics involve joining multi-
ple channels to combine fluids, and mixing these to a homo-
geneous state. In microchannels, laminar flow dominates
and mixing occurs mostly by diffusion. For many assays, and
particularly bioassays where large molecules are often in-
volved, diffusion coefficients are low, with ineffective mixing
resulting in poorly optimised processes and/or over-long as-
says. To overcome these problems, micromixers are used to
more effectively mix laminar flows from merging channels.
Efficient mixers based on active structures (i.e. structures that
can be controlled) external to the microfluidic chip are well
known in the literature. The ability to incorporate this func-
tion within the channels is obviously an attractive option.
Simulations and experimental evidence show that asymmet-
ric structures inside a channel result in efficient mixing of
laminar streams. Stroock and co-workers32 showed that a
staggered herringbone structure causes asymmetric circula-
tion of the liquid and by alternating the asymmetric structure
every cycle, an efficient micromixer was created that allowed
fluids to be mixed within two centimetres, compared to a me-
ter in the absence of this mixer. This work inspired many sci-
entists to generate other micromixer designs for their specific
set-up. However, as these structures are typically static, it
does not allow the user to vary the structure configuration,
unlike active micromixers. However, by incorporating respon-
sive materials into channel walls, active mixers can be inte-
grated into microfluidics systems, enabling the user to deter-
mine the degree of mixing. This was demonstrated by
Prettyman and coworkers33 who showed that stimuli respon-
sive hydrogels can be used to switch mixing on and off. They
used pH responsive hydrogel posts arranged in a hexagonal

oriented fashion. The diameter of the posts varied according
to the fluid pH, resulting in switching of mixing efficiency.

Van Schijndel and co-workers35 published a slanted groove
mixer, a simplified version of the herringbone structured
mixer, which further inspired ter Schiphorst and co-workers34

to use this design to generate a light-responsive micromixer.
By filling the spaces between the slanted grooves with light
responsive hydrogel, a structure was generated that mixed
the fluids efficiently in the absence of light, as the inverse of
the formed scaffold is formed by the swollen hydrogel. How-
ever, upon illumination with visible light, the hydrogel
shrinks, resulting in an almost smooth channel surface and
laminar flow (Fig. 4). The group of Baigl36 showed that it is
possible to switch a stream of liquid from a tubing phase to
a drop making phase (Fig. 5a). Shortly after, Venancio-
Marques and co-workers36 showed that mixing can also be
achieved using the photoisomerisation of azobenzene
(Fig. 5b). In this case, a flow focus device was created,
wherein two oil phases (one containing a dye for visualisa-
tion) and an aqueous phase were brought in contact. The
aqueous phase contained the light switchable chromophore,
a water soluble trans-azobenzene. When not illuminated, the
stable regime of the flow concentrator was tubing, in which
the water phase was injected inside the oil phase. However,
when illuminated with UV-light, the azobenzene isomerised
to the cis form, resulting in a droplet regime. Due to the de-
sign of the channel, the droplets moved around chaotically,
mixing the dyed and transparent streams. Continuing on
this, Nurdin and co-workers37 showed that a similar system
could be used to generate a high throughput switching sys-
tem, capable of going from drop generation, to fusion and

Fig. 4 Light responsive micromixer that can be switched. a)
Isomerisation of the protonated merocyanine and spiropyran. b) Gel in
the swollen and shrunk state, caused by illumination with white/blue
light. c) Effect of illumination on the mixing behaviour of the
micromixer. In the swollen state, the mixer is mixing the two water
streams homogenously, while in the collapsed state, a clear separation
between the fluids is visible. Adapted with permission from ref. 34.
Copyright 2017 John Wiley and Sons.
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mixing, using a dual flow focussing device, showing the ver-
satility of this system (Fig. 5c).

Fluid transport

Transport of a fluid through a channel is a basic requirement
in microfluidics in order to move samples and reagents from
the front end to the back end of the device, where detection

usually occurs. Between these parts of the microfluidic de-
vice, valving, pumping and mixing components are required
to ensure sample transport. With the mind on widely deploy-
able autonomous microfluidics, the use of several pumps,
conventional electronic pumps, is limited and therefore,
other ways of transporting liquids become mandatory, in-
cluding moving micro vehicles in a closed fluid system,
rather than moving the fluid through the channel. Hereby,
chemotaxis and peristaltic motion are good examples to be
integrated in microfluidic devices.

Chemotaxis is the movement of a substance to or away
from a concentration gradient, based on the interaction of
the substance to the gradient. This can be, for instance, a
charged particle in a pH gradient. The use of chemotaxis
comes from the necessity of moving liquids inside the micro-
fluidic. Inside microfluidic devices, the laminar flow governs,
so in order to generate movement of fluids/particles indepen-
dently of the flow regime imposed by the microfluidic device
configuration other type of approaches are needed. There are
several ways of controlling fluid movements and transport
with light, such as optically driven rotation of birefringent
particles,38 optical alignment and spinning of laser-trapped
microscopic particles,39 optical microrheology using rotating
laser-trapped particles by using birefringent materials,40 opti-
cally driven pumps,41 chemopropulsion,42 and light driven
electroosmotic flow,43 among others.

In particular, in chemopropulsion dependent systems, a
fuel is required to create a driving force and move the micro-
vehicle/container. This driving force can be provided by the
generation of fluid shear forces through the motion of fla-
gella44,45 or propellers,46 by catalytic reactions,47 or bubble
propulsion,48 and changes in surface tension.49,50 Despite its
significant potential, there are relatively few examples of che-
motaxis use in microfluidics due to the difficulty of control-
ling the chemistry of the process within the microfluidic en-
vironment. Nevertheless, there are interesting examples to be
highlighted. For instance, the photodriven chemopropulsion
described by Florea et al.42 demonstrated that photo irradia-
tion in close proximity to the micro-vehicle, in this case
a lipophilic droplet of chromoionophore I (Cl) in
2-hexyldecanoic acid (HDA) initiated a rapid pH change in
the aqueous solution due to conversion of protonated
merocyanine to the deprotonated spiropyran isomer of water
soluble SP-SO3H. This localised photo-induced pH gradient
causes a differential release of the deprotonated HDA (DA− is
a very effective surfactant) at the droplet-aqueous boundary,
and the droplets move along the channel apparently pushed
by light (Fig. 6).

Despite the potential importance of light actuated micro-
motors,51 there are relatively few references to their use in
microfluidic systems in the literature. Palagi et al.52 devel-
oped photoresponsive soft micromotors actuated by light,
where only the section of the motor irradiated with light de-
formed, whereas the non-irradiated section remained relaxed.
The versatility of this actuation mechanism allows a single
device to execute a variety of gaits including propulsive

Fig. 5 a) Light responsive micromixer based on the capability to
switch between a tubing and drop making system. This process is
caused by the isomerisation of azobenzene b). When illuminated with
UV-light, the azobenzene isomerises from trans to cis, causing a subtle
change from jetting to drop making. Adapted with permission from ref.
36. Copyright 2013 American Chemical Society. c) Micromixer with
two jets, showing the capability of parallelisation of this system.
Adapted with permission from ref. 37. Copyright 2016 Elsevier.
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motions that mimic the simplistic and antiplectic meta-
chrony of ciliate protozoa.

Ibele et al.53 described the movement of silver chloride
(AgCl) micromotors with UV light irradiation. Recently, a new
strategy was implemented for self-propulsion of polymeric tu-
bular rockets by near-infrared (NIR). The rockets were
functionalised with gold nanoshells, resulting in an asym-
metric local heat distribution along the rockets that moved
the rockets at speeds of up to 160 μm s−1. Moreover, the
rockets could be started/stopped on demand by turning the
NIR laser on and off.54 A similar investigation was published
by Xuan and co-workers the same year.55

Self-organized microscale motors have also been de-
scribed56 some of which can be controlled by light.57,58

These micromotors can be used for cargo transport in
microfluidic devices, or to break the laminar flow regime
by linking these micromotors to promote mixing and liquid
turbulence.

A seconds approach for transport is electroosmotic flow
(EOF). Scarmagnani et al.59 produced an acrylated-based
spiropyran modified monolith integrated into a microfluidic
device that could mediate EOF liquid movement. Under
acidic conditions, the spiropyran acrylate monolith surface
(SP) is preferably in the protonated merocyanine (MC-H+)
form, which can be readily converted to the SP form through
exposure to white light. When an external electric field is ap-
plied in the presence of 10−3 M HCl, an EOF in the range of
0.7–1.6 μL min−1 is generated. Under constant white light ir-
radiation, a significant decrease of the EOF occurs. Removal

of the white light restored the flow rate to its original value,
see Fig. 7.

Later, Walsh et al.43 showed that the flow rate could be in-
creased or decreased using light, without having to change
the applied field. When UV light is applied, the charged pro-
tonated MC form predominates and the EOF decreases by
50%.

In nature, peristaltic motion is one of the most important
movements performed by living organisms. For instance,
muscular cells contract and relax following a specific direc-
tion, to control body movements. The possibility of generat-
ing peristaltic motion in synthetic materials using light will
be a significant advance in microfluidic devices since
pumping, which generally is driven by external electrical
pumps, could then be integrated within the microfluidic de-
vice during the fabrication process. Maeda and co-workers60

demonstrated a light actuated material using peristaltic mo-
tion. A main drawback of this technique was that the actua-
tion was controlled by on–off switching via an external out-
put. Lately, the same group61–63 reported a synthetic NIPAM–

ruthenium-based polymer gel whose motion was reminiscent
of a living organism. The motion was induced by the
Belosov–Zhabotinsky (BZ) reaction, which consists of a redox
reduction of ruthenium that generates spatiotemporal
dynamic patterns, chemical waves, under stationary condi-
tions. This gel undergoes a metabolic cyclic reaction, induced
by light, and could be integrated within microfluidic devices
as a component for matter transport. The same BZ concept
was used by Shinohara et al.64,65 for the development of a
poly(NIPAM–Ru complex) gel that undergoes a cyclic swell-
ing/shrinking change. In this case, the motion was achieved
by the illumination with visible light, producing bromide
ions, which can act as inhibitors of the oscillatory chemical
reaction of the ruthenium complex.

This movement has been recently implemented into a
microfluidic device by Francis et al.66 via a bipedal hydrogel
based on pĲNIPAM-co-SP-co-AA) polymer that reversibly
shrinks and swells in aquatic environments in the presence
or absence of white light. The actuation of the bipedal gel
produces a walking motion on a ratcheted surface by taking
a series of steps in a particular direction, see Fig. 8.

Fig. 6 Photograph of an open microfluidic channel with a cross shape
to demonstrate the photo-chemopropulsion process. A) 5 droplets of
different dimensions at the initial conditions. B) White light irradiation.
C) After 3 s droplets move away from the light source. D) Droplets stop
at the high pH region. There, the droplet boundary composition is sta-
ble. Adapted with permission from ref. 42. Copyright 2014 John Wiley
and Sons.

Fig. 7 (1) SP acrylate switching in acidic environment between the
MC-H+ form (right) and the SP form (left) when irradiated with white
light. (2) Picture of the spiropyran acrylate monolith flushed with HCl
10−3 M switched between the MC-H+ form, in the absence of light
exposure and the SP form when irradiated with white light. Adapted
with permission from ref. 59. Copyright 2010 Trans Tech Publications.
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This general approach can be extended to more advanced
biomimetic walking (peristaltic) soft structures, which can
perform a variety of tasks such as cargo transport and sens-
ing in microfluidic devices.

Photo-induced uptake, detection and
release of metal ions

The switchable mixing surfaces mentioned previously is an
example of the increasing realisation that microfluidic chan-
nels have significant potential to perform important func-
tions, beyond the current passive provision of a means for
directing fluid movement. In particular, active sensing sur-
faces triggered by light are of great interest in microfluidics
since this allows parts of the device to be activated/
deactivated with light.

For example, SP-based polymers can provide photo-
induced uptake and release of guest ions on demand. The
MC isomer can bind a range of different metal ions (M2+),
with the interaction taking place through the MC's phenolate
oxygen. After MC complexation with metal ions, complexes
can be converted to SP upon exposure to visible light, thereby
resulting in the expulsion of the metal ions. This behaviour
was nicely reviewed and explained by Klajn et al.17 An addi-
tional attractive feature is that the colour of the SP-coatings
changes from colourless (predominantly SP) to purple (pre-
dominantly MC) to a variety of other colours associated with
the MC metal ion complexes. Therefore the coatings are in-
herently self-indicating of status, enabling simple confirma-
tion of whether they are passive (SP), active (MC), or popu-
lated with bound ions. A variety of approaches have been
reported in the literature including coatings;

- integrated onto silica beads,67,68 membranes or thin
films.69

- integrated in the surface of the microchannels and fi-
bers.70,71 For instance, metals such as Co2+,72–76 Zn2+,77,78

Mg2+,79 Cu2+,79,80 Fe2+ and Ni2+,80 were detected (Fig. 9). The

same type of configuration was also use to detect and mea-
sure solvent polarities within a microfluidic device.81,82

Scarmagnani et al.78 obtained spiropyran functionalised
polystyrene microbeads, which can be reversibly switched be-
tween the colourless spiropyran to a highly purple coloured
merocyanine by using UV light. These microbeads were suc-
cessfully applied to the detection of Cu2+ ions by complexation
with the merocyanine form. Later, the microbeads were inte-
grated into a microcapillary using a monolithic polymer as a
frit. A similar approach was followed by Byrne et al.73

complexing metal ions in polyĲmethyl methacrylate) (PMMA)
slides. Both, microbeads and surfaces, can be regenerated sev-
eral times allowing continuous ion uptake and release cycles.
Following this work, Benito-Lopez et al.72 presented an array of
microchannels in a PDMS microfluidic device, functionalised
with a photochromic spiropyran. Upon exposure of light, the
device displays photo-controlled uptake and release of metal
ions such as Co2+, Hg2+, Ca2+, Cu2+ and Zn+2. Florea et al.75

made a step forward in the integration of sensing capabilities
inside microcapillaries, functionalising them with a spiropyran
polymer, using norbornyl derivative as monomer. In response
of UV or white light, the spiropyran moiety was able to open
and close within the polymer brushes. The micro-capillary sys-
tems were able to photo-bind and therefore detect divalent
metals ions (Zn2+, Co2+, Cu2+, Ni2+, Cd2+). The irradiation of
the microcapillary with white light triggered the release of the
metal ions and this difference can be measured by changes in
the absorbance spectra.75,76

The same capillaries were also used as a tool for solvents
polarity determination.77 Different solvents such as toluene,
tetrahydrofuran, acetone, acetonitrile, ethanol and methanol
were easily detected by irradiation with UV light. When in
contact with the solvent, there is a change in colour of the
microcapillary, which is unique for each polarity (Fig. 9).

Conclusions and outlook

Microfluidics is a booming technology that is establishing it-
self in many areas of research. However, there is a pressing

Fig. 8 Series of snapshots showing the behaviour of a hydrogel
‘walker’. A and B shows contraction of the trailing leg. C-Swelling in
the dark results in the forward leg being pushed over the surface. C
and D The sequence is repeated which results in the gel achieving a
unidirectional walking motion (right to left). Adapted with permission
from ref. 66. Copyright 2017 Elsevier.

Fig. 9 Spiropyran functionalised capillary showing different responses
based on different solvents, for optical detection. These capillaries can
be embedded as a light responsive material, allowing on demand
sensing. Adapted with permission from ref. 82. Copyright 2013
American Chemical Society.
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need to integrate functions into microfluidics systems and
significantly reduce unit prices while maintaining or enhanc-
ing reliability. If these advanced functions can be delivered
with appropriate performance specifications, it will stimulate
a much greater focus on creating microfluidic based instru-
ments for in situ rather than in-lab measurements. Using
light-responsive polymers, a large part of the expensive com-
ponents can be replaced with lower cost materials that can
be mass produced via photopolymerisation within the micro-
fluidic system.

Such fully integrated photoswitchable valves and flow reg-
ulators represent a new scalable paradigm for microfluidics,
enabling multiple components to be integrated into chips, in
contrast to external conventional components, that must be
connected using external tubing. Developing and
commercialising a fabrication process to truly implement
these valves in microfluidic systems would therefore be a log-
ical future step. However, one should take into account that
these valves, mostly based on hydrogels, also have several
limitations. Firstly, these materials are soft, which limits the
pressure it can withstand. Secondly, these materials are in di-
rect contact with the medium, which can be problematic
when the hydrogel absorbs components present in the fluid,
that are subsequently released during contraction, leading to
contamination and sample carry-over effects. Third, the
hydrogels have only been investigated in water based media.

However, tremendous improvements have reported, going
for instance from valves that operate over hours to valves that
operate in minutes/seconds. We are therefore confident that
continuing research will solve or reduce the impact of these
limitations e.g. decoupling the valve from the analytical fluid
by, for instance, placing a flexible protective membrane be-
tween the valve and the sample. This would allow the valve to
swell and shrink for flow manipulation, while using and ex-
ternal placed reservoir for the hydration of the material, thus
resolving the contamination issue. Similarly, tuning cross-
linking or feature dimensions/shape should enable pressure
resistance to be enhanced while simultaneously retaining fast
actuation performance.

The challenge is to create microfluidic systems with much
more sophisticated functionality than current approaches,
but at an affordable or ideally dramatically reduced unit cost.
We believe that this can be achieved with light responsive
polymers and that they will play an important part in micro-
fluidic devices. The ability to use a non-contact form of stim-
ulation and control events in the fluidic system is very attrac-
tive as it is inherently non-invasive, and could simplify
fabrication. Hereby the main field of interest is expected to
form itself around low cost large scale applications, where in-
spiration should be drawn from biomimetic systems. Reli-
ability will be key to generate these large scale applicability
and idealistically a system that is self-aware of its conditions,
and can autonomously self-maintain, repair and regulate,
would appear to be needed.

Light responsive materials might find difficulties to com-
pete to existing mechanical components in means of me-

chanical stability, but will excel in their use for mass parallel
systems. The possibility to combine computational platforms
with cheap LED technology, and precise control over the gel
size is exciting and a field of research that is currently under-
exposed. To develop the next generation of analytical devices,
a molecule to device approach should be used. New mole-
cules are designed, to fulfil the requirements of a material.
These materials are integrated into a (microfluidic) device.
Hereby the main topics are represented as materials, sensing,
microfluidics and integration. These fields are currently
experiencing a dramatic rate of continuous innovation as
shown in this review and provide the highest potential of
forthcoming breakthroughs for a technological revolution.
Big steps towards truly developing these devices and in-field
employment will only continue when there is close collabora-
tion between scientists in various scientific disciplines and
commercial entities to create the next generation of light re-
sponsive microfluidic devices. We hope this review will in-
spire scientists working in the fields of mechanical engineer-
ing, materials science, analytical chemistry and microfluidics
to work together to deliver creative solutions to these issues,
and thereby open greatly expanded possibilities for micro-
fluidics in the future.
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