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ABSTRACT

The possibility of using photo-stimulus to control flow in microfluidics devices is very appealing as light
can provide contactless stimulation, is biocompatible and can be applied in a non-invasive and highly
precise manner. One of the most popular ways to achieve photo-control flow in microfluidic channels is
throughout the use of photo-responsive molecules. We review here the different principles and strategies
of using photo-responsive molecules to induce or control liquid motion using light, which include the
use of photo-controlled polymeric actuators, photo-sensitive coatings, or photo-sensitive surfactants. We
further analyse the capability of these approaches to induce flow control throughout the photo-operation of
valves, photo-control of electro-osmotic flows or photo-manipulation of discrete microliter-sized droplets.

INTRODUCTION

The intrinsic features of microfluidic devices ensure two main characteristics during an analytical process:
low consumption of reagents and sample as well as rapid and repeatable analysis protocols (Martinez,
Phillips, Whitesides, & Carrilho, 2010). However, to date, extensive chemical and biological tasks need
to be carried out outside the microfluidic device to prepare and pre-process samples prior microfluidic
manipulation as conventional lab-on-a-chip devices are not yet suitable for non-ideal sample analysis
(Gonzalez Crevillen, Hervas, Angel Lopez, Cristina Gonzalez, & Escarpa, 2007). These tasks include
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sampling, pre-concentration, fluorescence labelling, filtration, mixing, sample analysis, as well as many
other techniques that require manpower and are very time-consuming (Argentiere, Gigli, Mortato,
Gerges, & Blasi, 2012).

Therefore, the main aim is to realise downscaling of these conventional tasks within the microfluidic
devices and consequently develop innovative systems capable of preparing and/or analysis of samples
“on-chip”. If these functions could be integrated within the microfluidic device, then time and costs
would be reduced and high throughput and high degree of automation would be realised (R. Byrne,
Benito-Lopez, & Diamond, 2010). For this purpose two main ways of investigation are considered: an
“evolutionary” and a “revolutionary” approach.

The “evolutionary” approach involves tremendous downscale of conventional units, and their assembly
level by level to achieve the desired functionalities (Abgrall & Gue, 2007; Laser & Santiago, 2004; Psalltis,
Quake, & Yang, 2006). However, microfluidic systems developed to date according to this approach,
generally require complicated control systems and are by far from being trivial and widely accessible.

The “revolutionary” approach in the area of microfluidics is recently emerging and consists in the
incorporation of stimuli-responsive materials into microfluidic devices, to obtain smart, functional,
highly controllable components integrated in the microfluidic device (F. Benito-Lopez et al., 2010; M.
Czugala, Ziolkowski, Byrne, Diamond, & Benito-Lopez, 2011; Florea, Diamond, & Benito-Lopez; Flo-
rea, Hennart, Diamond, & Benito-Lopez, 2012; Zidtkowski, Czugala, & Diamond, 2012). For instance,
the use of a light stimulus in microfluidic systems is appealing because it can be applied precisely in
different sections within a microdevice, in a non-invasive manner.

The possibility of controlling flow in microfluidics using opto-stimulus will offer new platforms with
unprecedented flexibility and improved versatility. Some recent reviews have already been devoted to
specific aspects of this field (R. Byrne et al., 2010; M. Chen et al., 2011; M. Czugala et al., 2011; Padgett
& Di Leonardo, 2011). The use of holographic optical tweezers for optical manipulation, actuation and
sensing in lab-on-chip systems was described by Padgett and Di Leonardo (Padgett & DiLeonardo, 2011).
Other recent review by Baigl (Baigl, 2012) describes in detail strategies to photo-actuate microfluidic
systems, such as the application of the chromocapillary effect, light-induced Marangoni effects, optically
induced dielectrophoresis, digital optofluidics, light-induced electro-osmosis and optoelectrowetting,
among others.

Here we review the possibility of controlling flow in closed microchannels, and manipulating discrete
microliter-sized droplets by employing photo- and thermo-responsive materials incorporated in micro-
fluidic units in the form of polymeric actuators, photo-responsive coatings or photo-sensitive surfactants.

OPTO-SMART SYSTEMS INTEGRATION IN MICROFLUIDIC DEVICES

The most widely used photo-sensitive molecules for photo-actuation of liquids in microfluidics are spi-
ropyrans and azobenzenes. These are photochromic units that change their characteristics (conformation,
polarity) reversibly in response to light of particular wavelengths. When incorporated in functional units,
these changes in conformation/polarity of the photochromic unit induce in turn “on demand” changes in
volume (Bassetti, Chatterjee, Aluru, & Beebe, 2005; Beebe et al., 2000; Kwon, Jeong, Park, Moon, &
Lee, 2011; Richter, Klatt, Paschew, & Klenke, 2009), surface chemistry (Fernando Benito-Lopez et al.,
2009; Garcia et al., 2007; Higuchi et al., 2004; Samanta & Locklin, 2008), surface charge, wettability
(Anastasiadis, Lygeraki, Athanassiou, Farsari, & Pisignano, 2008; Dattilo, Armelao, Fois, Mistura, &
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Figure 1. Reversible structural transformations of (A) spiropyran derivatives and (B) azobenzene in
response to light

Maggini, 2007; Samanta & Locklin, 2008) or interfacial tension (Diguet et al., 2009; Diguet, Li, Quey-
riaux, Chen, & Baigl, 2011). Spiropyrans have been investigated extensively as active components in
soft photo-actuators for microfluidic valves (F. Benito-Lopez et al., 2010; S. Sugiura et al., 2007). The
light-stimulated switching of spiropyran is due to the photo-cleavage of the C_ -O bond upon irradia-
tion with UV light (Hirshberg, 1956; Minkin, 2004). This cleavage allows a conformational rearrange-
ment between a closed, colourless spiropyran form and an opened, colourful merocyanine (MC) form
(Diirr & Bouas-Laurent, 2003; Minkin, 2004) with the colour arising from a strong absorption band in
the visible spectral region (Figure 1A). In contrast, exposure of the MC isomer to visible light induces
reversion to the closed spiropyran form (SP); therefore, it is possible to reversibly switch between the
polar (or zwitterionic), coloured MC and colourless uncharged SP forms using light irradiation. Another
interesting property of spiropyrans is its sensitivity towards pH (Doron, Katz, Tao, & Willner, 1997; Lee,
Song, Lee, Ryu, & Chi, 2009), under acidic conditions, the MC isomer is converted to the protonated
merocyanine (MC-H") form (Figure 1A).

Azobenzenes are another widely used class of photochromic molecules (Gaonkar, Kumar, & Neckers,
1990; Ide, Ozama, & Matsui, 2011). Under dark conditions, azobenzene preferentially exists in its trans,
less polar configuration. Under UV light irradiation (350-370 nm) it undergoes photo-isomerisation to
its cis, more polar form (Figure 1B). The reverse cis — trans isomerisation can be driven by visible light
or occurs thermally in the dark. It is known that azobenzenes reversibly change their geometry from
a planar to a non planar upon UV irradiation, generating a width decrease in the distance between the
para carbon atoms from 9.9 Atw5.5Aanda corresponding increase in the dipole moment from 0.5 D
to 3.1 D (Nicoletta et al., 2012). One of the most important advantages of azobenzenes is their stability
over many illumination cycles, which makes them ideal components of numerous molecular devices and
functional materials (Hoffmann, Resch-Genger, & Marlow, 2000; Singleton, Ramsay, Barsan, Butler,
& Barrett, 2012).

Another approach to opto-actuation in microfluidics is through photo-thermal activation. The novelty
of these systems relies on using light absorbance to generate localised heating (G. Chen, Svec, & Knapp,
2008; Hua, Pal, Srivannavit, Burns, & Gulari, 2008; Lo, Zhu, & Jiang, 2011).
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This chapter will discuss recent trends for the incorporation of thermo- and photo-responsive moi-
eties (in particular spiropyrans and azobenzene) into functional units in microfluidic devices capable of
responding to an external opto-stimulus. The chapter will be structured into three main sections based
on different microfluidic operations that can be controlled by light, i.e.:

e  Photo-controlled polymeric actuators,
e  Photo-controlled electro-osmotic flow,
e  Photo-manipulation of droplets.

Specific examples will be discussed in terms of the technique used for integration of the photo- ac-
tivated or photo-thermo- activated unit into the microfluidic device, the impact of the photo-stimulus
and the applicability of these approaches for photo-actuation of liquids or droplets in microfluidics.

PHOTO-CONTROLLED POLYMERIC ACTUATORS

Stimuli-responsive polymers present all the advantages of polymeric materials, such as versatility,
processability, low cost and amplified response to weak stimuli. Stimuli-responsive materials produce
many useful effects in microfluidic systems, such as “on-demand” changes in volume (Bassetti et al.,
2005; Beebe et al., 2000; Kwon et al., 2011; Richter et al., 2009), optical proprieties (Angiolini, Benelli,
Giorgini, & Raymo, 2009; Ivanov, Eremeev, Wahlund, Galaev, & Mattiasson, 2002; Levy et al., 1997;
Lin & Chiu, 2003; Samoladas, Bikiaris, Zorba, Paraskevopoulos, & Jannakoudakis, 2008; Stitzel, Byrne,
& Diamond, 2006; Such, Evans, & Davis, 2006), permeability (Chung, Ito, & Imanishi, 1994; Park,
Ito, & Imanishi, 1998) and surface chemistry (Fernando Benito-Lopez et al., 2009; Garcia et al., 2007),
which in turn activate/deactivate different functions such as the capability of molecular recognition
(Fernando Benito-Lopez et al., 2009; R. J. Byrne, Stitzel, & Diamond, 2006) (including capture, release
and detection of analytes), autonomous control of flow rate and direction (Beebe et al., 2000; Dong &
Jiang, 2007), and wettability switching (Anastasiadis et al., 2008).

The most commonly used opto-actuators in microfluidics are photo-responsive hydrogels as they have
the ability to undergo volumetric changes in response to an external light stimulus (F. Benito-Lopez et
al., 2010; S. Sugiura et al., 2007). A hydrogel is defined as a network of hydrophilic polymer chains that
is able to swell and retain large amounts of water. In a fully-swollen hydrogel, up to 95% of its mass can
consist in water that was absorbed into its three dimensional network (Alvarez-Lorenzo & Concheiro,
2008; Yoshida, Yang, Kumakura, Hagiwara, & Katakai, 1991). Hydrogels possess excellent biocompat-
ibility and a degree of flexibility, very similar to natural tissue, due to their significant water content
(He, Zuo, Xie, Huang, & Xue, 2011; Kim & Shin, 2007). Photo-responsive engineered hydrogels can be
made to collapse and thereby release a percentage of their water content upon light irradiation (Figure 2).

In this context, polymeric actuators are commonly employed in microfluidic devices to provide the
functionality of micro-valves. Valves are central components within microfluidic systems, being es-
sential for directional control and movement of flows while enabling important actions, such as flow
regulation, flow diversion and addition of reagents. The micro-valves developed to date can be classi-
fied in two categories, active and passive, employing mechanical, non-mechanical and external control
systems (Oh & Ahn, 2006).
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Figure 2. Photo-induced hydrogel shrinkage
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In the case of passive valves, which do not have any moving components and are easy to fabricate,
hydrogel based materials have received special attention. These valves change volume in response to
external stimuli to stop/open the flow (Beebe et al., 2000; G. Chen et al., 2008; Dong & Jiang, 2007;
Geiger, Pisano, & Svec, 2010).

Incorporation of photo-responsive units within hydrogel-based valves allows non-invasive, external
control of the valve based on the intrinsic responsiveness of the polymer to an optical stimulus. Photo-
responsive polymer materials for micro-valve applications have been studied by many research groups,
and many polymers and polymer gels functionalised with azobenzene (D. Kungwatchakun, 1988), leu-
kochromophore (M. H. M. Irie, 1985; M.Irie, 1986), and spirobenzopyran (A. Menju, 1981; F. Benito-
Lopez et al., 2010; A. M. M. Irie, K. Hayashi, 1979; S. Sugiura et al., 2007) have been examined.

This section is organised as follows: Firstly, we show how smart micro-valves can be actuated by
light using a light-to-heat energy conversion mechanism. In this case, a localised temperature increase
is caused by light irradiation, which in turn induces volume changes of the micro-valve (usually based
on hydrogels). Then, we review how photo-responsive moieties like spiropyrans and azobenzenes are
incorporated into polymers to achieve photo-precise manipulation of micro-valves.

Chen et al. (G. Chen et al., 2008) developed a light-actuated micro-valve via photoinitiated patterned
polymerisation of N-isopropylacrylamide (NIPAAm) within microfluidic channels. PNIPA Am is one of
the best-known temperature-sensitive hydrogels, having the ability to shrink and expand due to its lower
critical solution temperature (LCST)(Harmon, Kucking, & Frank, 2003; Kuckling, Harmon, & Frank,
2002; Xu, Wei, Zhang, Cheng, & Zhuo, 2007). Below the LCST (32 °C), PNIPAAm chains are hydrated
by water due to the hydrogen bondings between the amide residue and on the polymer chains and the
water molecules, and therefore the gel is swollen. Above this temperature hydrogen bonds between solvent
molecules and water are gradually broken and polymer-polymer interactions become thermodynamically
favored compared with polymer-solvent interactions. As a consequence, the PNIPAAm chains collapse
sharply from a hydrophilic coil into a hydrophobic globule that precipitates in water (Dusek, 1993;
Schild, 1992) and the PNIPAAm hydrogels shrink rapidly. The novelty of the approach used in Chen’s
PNIPAAm micro-valve relies on heating the valve from the absorption of light provided by a quartz
halogen illuminator. The pressure-tolerance of the micro-valve can be tuned by changing the mechanical
strength of the polymer monolith inside the microchannel through the choice of a suitable amount of
monomer and crosslinker. In addition, the response time and pressure resistance of a PNIPAAm valve
can be optimised by varying the tetrahydrofuran (THF) content in the polymerisation mixture. In these
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conditions, opening and closing response times of the valve can be modulated in the range of 4.0 to 6.2
s. The on/off switching of the valve using the quartz halogen was repeated multiple times and show no
deterioration after at least 9 irradiation cycles (G. Chen et al., 2008).

Using a different approach, Lo et al. (Lo etal., 2011) reported the performance of an IR light-responsive
micro-valve. The valve consisted of PNIPA Am hydrogel nanocomposite incorporating glycidyl methacrylate
functionalised graphene oxide (GO— GMA) sheets. The valve operated in two states — OFF (closed) - ad-
opted when the IR source is turned off and the hydrogel completely blocks the channel, and ON (opened),
adopted when the IR light is turned on, due to shrinking of the hydrogel upon absorbance of the IR light
by the GO-GMA sheets. The ON state could be explained as follow: GO-GMA sheets absorbed the IR
radiation converting it into heat. During this process, the temperature of the system is increased above
the LCST of PNIPAAm, which triggers the hydrogel to contract, allowing for fluidic flow. When the IR
light is switched off the heat dissipated to the surrounding environment, the hydrogel absorbed water and
expanded its volume back to the original size, blocking the flow. The performance of the hydrogel micro-
valve is shown in Figure 1. The intensity of the IR light reaching the hydrogel sample in order to induce
actuation is 1.21 W cm? and causes a temperature increase of the valve from 25 °C to 40 °C after 2 min of
IR irradiation, which might make this type of material not appropriate for several applications including
some bioanlysis. Moreover, the reversability of the photo-induced actuation is not discussed by the authors
in the present paper, suggesting that this valve might be suitable for one-use only.

Independent optical control of microfluidic valves composed of optomechanically responsive nano-
composite hydrogels (poly-N-isopropylacrylamide-co-acrylamide) was achieved using strongly absorbing
gold nanoparticles or nanoshells embedded in the actuator polymer (Figure 4). These nanocomposite
materials respond to different wavelengths of light: while gold-colloid nanocomposite hydrogel collapses
in response to green light, the gold-nanoshell nanocomposite hydrogel collapses in response to near-IR
light. In both cases, the valves opened completely in less than five seconds. This approach has the ad-
vantage of allowing independent control of valves formed from composites with different nanoparticles
depending on the illumination wavelength. As the phase changes in these thermo-responsive polymers
are reversible, these type of valves are suitable for multiple use applications (Sershen et al., 2005).

Figure 3. A micro-valve made of GO-GMA IR-responsive hydrogel. Top- views of the micro-valve are
on the left. Respective images taken under a microscope are on the right. (a) GO—GMA hydrogel micro-

valve before actuated by IR irradiation (OFF state) and (b) after exposure to IR light (ON state).
Reproduced by permission of The Royal Society of Chemistry
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Figure 4. Two valves formed at a T-junction in a fluidics device, one made of a gold-colloid nano-
composite hydrogel and the other a gold- nanoshell nanocomposite hydrogel. The channels are 100 um
wide. a) When the entire device was illuminated with green light (532 nm, 1.6 W cm™), the gold colloid
valve opened while the nano-shell valve remained closed. b) However, when the device was illuminated
with near infrared light (832 nm, 2.7 W cm’?), the opposite response was observed. In both cases, the

valves opened within 5 s.
Sershen et al., 2005 Copyright © 2005 WILEY-VCH Verlag GmbH & Co

L A

A different optically addressable micro-actuator array (microfluidic “flash memory”) with latched
operation was proposed by Hua et al. (Hua et al., 2008). The micro-actuator array consists of individual
phase-change based actuators addressed by localised heating through focused light patterns provided
by a modified projector or high power laser pointer. After the initial light “writing” during which the
phase is temporarily changed to a liquid form, the actuated status is self-maintained by the solid phase
of the actuator without power and pressure inputs. The micro-fluidic flash memory can be re-configured
by a new light illumination pattern and common pressure signal providing a flexible, energy-efficient,
and low cost multiplexing solution for microfluidic applications based on physical displacements. The
advantage of this approach is that the phase-change wax is fully encapsulated and thus immune from
contamination issues in fluidic environments. Moreover, compared to other systems previously dis-
cussed, this optically-addressed microactuator array is reusable and thermal simulation shows that the
temperature rise in the microfluidic channels when the wax melts was less than 10 °C, which should not
be considered an issue for most applications.

While in all the examples described so far the key of the opto-stimulation is the conversion of photo-
energy to thermal energy, photo-stimulation can also be achieved by incorporation of photo-responsive
moieties in microfluidic units.

In 2004, Sumaru et al. (Sumaru, Kameda, Kanamori, & Shinbo, 2004) presented an actuation mecha-
nism based on the lower critical solubility temperature (LCST) of spiropyran (3 mol %) copolymers
of poly(N-isopropylacrylamide) (pSPNIPAM). Figure 5a shows the chemical structure of pSPNIPAM
and the reversible isomerisation of the photochromic unit from the protonated merocyanine (MC-H™) to
the closed spiropyran form (SP) under white light irradiation. In acidic conditions (0.26 mM HCl), the
spiropyran unit present in the copolymer changed from SP to the MC-H* form, which presents a strong
absorption band around 422 nm. When the copolymer was irradiated with light matching the absorbance
of MC-H*, the MC-H* is switched back to the closed hydrophobic SP form, releasing one proton in the
process (Figure 3a); As result of the formation of the more hydrophobic SP isomer, dehydration of the
main polymer chain occurs. A correlated change in both absorbance at 422 nm (particular to MC-H")
and specific conductance was recorded when pSPNIPA Am aqueous solution (0.10 wt %) was repeatedly
irradiated with white light over three cycles.
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Figure 5. (A) Chemical structure of pSPNIPAAm and characteristics of its components: pNIPAAm main
chain and spirobenzopyran side chain (Sumaru et al., 2004). Copyright (2004) American Chemical Society.
(B) Schematic representation of a micro-fluidic platform that contains multiple pSPNIPAAm hydrogel
micro-valves. These micro-valves can be independently controlled by means of local light irradiation.
A - A solution containing blue dye was introduced into the main micro-channel. B - Blue light was lo-
cally irradiated to the right side pSPNIPAAm gel micro-valve. C - The right side micro-valve was opened
after 18 s blue light irradiation and after 24 s from start, the center micro-valve was locally irradiated
with blue light. D - The center micro-valve was opened after 30 s blue light irradiation and after 60 s
from start, blue light was locally irradiated to the left side micro-valve. E - The left side micro-valve
was opened after 24 s blue light irradiation and it is shown that after 144 s from start all the chambers
were filled with the blue dye solution. Adapted from ref. (Shinji Sugiura et al., 2007)
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Independently controlled micro-valves made from such material, capable of photo-actuation in acidic
media (0.5 mM HCI), were later demonstrated by Sugiura er al. (Shinji Sugiura et al., 2007). These
micro-valves (Figure 5b) were fabricated through in situ polymerisation at desired positions in the
micro-channels and later opened by local light irradiation. This process was found to be rather fast, with
each valve opening within 18 to 30 s of light irradiation. The maximum pressure the pSPNIPAAm gel
micro-valves could withstand was determined to be 30 + 6.6 kPa. Over this pressure the gels deformed
and leakage occurred.

A similar approach was presented by Benito-Lopez et al. (F. Benito-Lopez et al., 2010) in our labora-
tories, with the difference that in this case, an ionic liquid (IL) was incorporated within the pSPNIPAAm
polymer matrix to produce microfluidic valves. Four different phosponium based ionic liquids in-
corporating different anions (dicyanoamide ([dca]’), bis(trifluoro methanesulfonyl)-amide ([NTf,]),
dodecylbenzenesulfonate ([dbsa]), tosylate ([tos])) were used and the micro-valves were produced
throughout in sifu polymerisation of the ionogels (IL + pSPNIPAAm) in micro-channels fabricated in
poly(methyl methacrylate) (PMMA). After immersion of the ionogels for 2 h in 0.1 mM HCl aqueous
solution, in order to allow protonation of the photochromic unit to the MC-H* form and to obtain a fully
swollen ionogel, photo-induced dehydration kinetics were measured. It was found that the incorporation
of different ILs causes different actuation behaviours of the ionogels. When used for the production of
micro-valves, by simply varying the IL-component of the ionogel, different micro-valves can be tuned
to open at different times using a single light source. Results showed that in the particular configuration
used by the authors, the IL-free polymer gel micro-valve opens after 2 s of light irradiation, followed by
the [dca] based ionogel (4 s), the [tos] based ionogel (18 s) and the [dbsa] based ionogel (44 s). The
slowest kinetics are given by the [NTf ] based ionogel (49 s) (Figure 6).

Recently, ionogel actuator microstructures based on pPSPNIMA Am have been thoroughly characterized
in our laboratories and their potential for micro-valve fabrication has been investigated. It was found that
the photo-induced swelling and shrinking behaviour of the ionogels is strongly dependent on the nature
of the ionic liquid. For example, when the [NTf ]" based phosphonium ionogel was used, the ionogel
reached the highest degree of swelling (up to 180% of its initial size) and showed rhe fastest shrinkage
rate (k, =29 + 4 x 107> s7")(Monika Czugala et al., 2014)

An original approach for photo-control of fluid in microfluidics incorporating pPSPNIMA Am hydro-
gels was described by Sugiura et al. (S. Sugiura et al., 2008; Shinji Sugiura et al., 2009). The authors
demonstrated on-demand formation of micro-channels with arbitrary pathways by micro-patterned light
irradiation of a 200 pm thick pPSPNIMA Am hydrogel sheet prepared by in situ free radical polymerisa-
tion (Figure 7). The hydrogel layer was covalently attached to a glass slide while another glass slide
containing multiple inlets and outlets was placed on top of the hydrogel sheet. Micro-patterned light
irradiation was realised by means of computer-controlled maskless micro-pattern projection unit. As a
result of micro-patterned light irradiation, the pSPNIMA Am hydrogel gel in the irradiated area between
adjacent inlet/outlet ports shrank, forming a micro-channel between the two glass plates and allowing for
fluid to flow. The effect was repeated for several channel configurations — straight, bent or serpentine.
Furthermore, authors also demonstrated, in the same publication, independent and parallel flow control
in a polydimethylsiloxane (PDMS) micro-channel network through the opening of targeted microvalves
created with the same photoresponsive hydrogel sheet. In this system, a microfluidic device containing
multiple photoresponsive micro-valves was constructed by stacking a PDMS micro-channel chip and a
glass slide with mechanically fabricated through-holes on pSPNIPA Am hydrogel sheet attached to a glass
plate. Parallel control of multiple micro-valves was also successfully demonstrated as two micro-valves
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Figure 6. Performance of the ionogel microfluidic valves: (a) micro-valves closed; the applied vacuum
is unable to pull the dyes through the microchannels. White light is applied for the time specified in each
picture (b). ‘No I.L.” valve is first to actuate followed by ionogels incorporating [dca]- (c), [tos]- (d),
[dbsa]- (e), [NTf2]- (f), all valves are open. Numbers and arrows indicate when the channel is filled

with the dye because of micro-valve actuation
F. Benito-Lopez et al., 2010. Reproduced by permission of The Royal Society of Chemistry
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Figure 7. Schematic showing on-demand formation of microchannels with arbitrary pathways in a “uni-
versal” microfluidic system by micro-patterned light irradiation. White arrows indicate the flow direction
of a fluorescently labelled latex bead suspension. A - pSPNIMAAm hydrogel sheet having one inlet and
multiple outlets; B - Microchannel formation by micro-patterned light irradiation of the pSPNIPAAm
hydrogel sheet; C - Latex bead suspension flowing through the microchannel after irradiation. Flow
of the red coloured latex bead suspension from the inlet to the upper-left-side outlet is visible. D,E - A

different sequence of micro-patterned light irradiation and microchannel formation
Adapted from S. Sugiura et al., 2008
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were simultaneously opened within several minutes by micro-patterned light irradiation. As this system
works in “photon mode” in contrast with “heat mode”, no interference between adjacent micro-valves
was observed. Although, the isomerisation of the SP unit is a reversible phenomenon, the reswelling of
the gel is still diffusion limited due to the requirement for re-protonation of SP for valve closing. As a
consequence, the reswelling process takes more than one hour.

However, the main disadvantages of pSPNIMAAm based hydrogels and ionogels has been the long
reswelling times (up to one hour) and the need for an external acidic source (typically HCI solution 1073
M) in order to induced reprotonation of the spiropyran photochromic unit to induce reswelling of the
gel. This has made pSPNIMAAm materials suitable mainly for single use application.

Recently, the need for an external acidic source has been eliminated by introducing acrylic acid (AA)
as a comonomer in the polymeric chain (Ziétkowski, Florea, Theobald, Benito-Lopez, & Diamond,
2013). The newly synthesised p(SP-AA-NIPAAm) hydrogels work on the same principle as described
above, however, the reswelling times become comparable with the shrinking times. Micro-valves based
on this material are considered to be capable of multiple operations as the shrinking and reselling of
the hydrogel is fully reversible. Moreover, the pH operation range has been extended to up to pH 7-8,
making p(SP-AA-NIPAAm) based actuators suitable for biological applications.

In a different approach, a new micro-valve membrane actuator for microfluidic system applications
was realised by using a crosslinked liquid-crystalline polymer (CLCP) incorporating azobenzene moi-
eties (M. Chen et al., 2011). It was found that under UV light irradiation the valve is open while under
white light irradiation the valve is closed. The time to open and close the valve can be as short as 8 s
and 6 s, respectively.

PHOTO-CONTROL OF ELECTRO-OSMOTIC FLOW

When an electric field is applied along a micro-channel or micro-capillary having a charged wall, the
motion of mobile counter-ions in the diffuse counter-ion layer near the channel wall induces a spontane-
ous global liquid motion. This movement is called electroosmotic flow (EOF) (Huang, Gordon, & Zare,
1988; Y. Liu, Fanguy, Bledsoe, & Henry, 2000; Rathore & Horvath, 1997). EOF constitutes an important
componentin certain chemical separation techniques, notably capillary electrophoresis (Huangetal., 1988;
Y. Liu et al., 2000). There has been an increased interest in EOF in the recent years, in parallel with the
development of microfluidic systems and EOF has been exploited in microfluidics to provide a degree
of flow control. This approach offers a range of advantages compared to more established pumps based
technologies, such as peristaltic pumps, as it creates a constant pulse-free flow in which the magnitude
and direction of the flow are controlled externally, without the use of any mechanically moving parts.
EOF is strongly sensitive to the zeta potential of the channel wall and the key requirement to realise
photo-controlled EOF is the ability to optically change the zeta potential of the micro-channel/micro-
capillary wall. Moorthy et al. (Moorthy, Khoury, Moore, & Beebe, 2001) demonstrated this type of ap-
proach by using micro-channels (1000 pm wide, 20 pm deep) coated with titanium dioxide (TiO,). TiO,
is a direct semiconductor that exhibits a change in surface charge upon radiation with UV light, leading
to variations in the zeta potential. In these conditions, electroosmotic flow modulation was recorded in
the presence/absence of UV radiation. The magnitude of the change in electroosmotic flow rate due to
UV irradiation was found to be pH dependent. Under optimal conditions (pH = 4.7), the authors report
a change in EOF from 0 (no light) to -242 + 60 um s! (with light). Another strategy was later proposed
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by Oroszi et al. (L. Oroszi, Der, Kirei, Ormos, & Rakovics, 2006) who used micro-channels formed
between PDMS and glass coated with cadmium sulfide (CdS) photoactive layer. Light illumination (pro-
vided by a mercury lamp filtered to 400 — 725 nm) resulted in a decreased electric field accompanied
by a reduction of electroosmotic flow. Specifically, at a driving voltage of 100 V, photo-irradiation of
the photo-conductor for periods of 30 s caused a decrease in the average flow velocity from 45 pm s
(in the dark) to 8 pm s (under illumination). The same group later on demonstrated that introducing a
pattern into the photosensitive layer enables the generation of complex flow profiles upon illumination
(L. s. Oroszi, Der, Kirei, Rakovics, & Ormos, 2009).

Spiropyrans have also been used to modify the electroosmotic flow. It has recently been demonstrated
in our laboratories by Scarmagnani et al. (Scarmagnani et al., 2010) that, under acidic conditions, elec-
troosmotic flow (EOF) generated in a spiropyran-modified acrylate based monoliths could be modulated
using light irradiation (Figure 6). In an acidic environment (HC1 1 mM) The SP-modified acrylate based
monolith gained a positively charged surface due to the protonation of the SP unit to MC-H* (Figure 8A)
and the micro-capillary adopted a yellow colour (Figure 6B). Upon irradiation with white light, MC-H*
converted back to the non-polar SP form (Figure 6A) indicated by the change in colour of the microcapil-
lary to colourless (Figure 6B). When the MC-H* form is dominant, it produces a charged surface, which
enables a relatively high flow rate (up to 1.6 pL min™') to be generated under electroosmotic conditions.
Upon exposure to white light, the concentration of MC-H* decreases due to the photo-conversion to the
uncharged SP form, with up to 20% reduction of the EOF. The process is reversible, and removal of the
light source results in a flow increase back to the original rate. A schematic of the microchip used in
these experiments is shown in Figure 6C.

The ability to alter flow rates in microfluidic channels using light has very significant implications,
as it could dramatically simplify the manner in which micro-flow systems are controlled.

PHOTO-MANIPULATION OF DROPLETS

Digital or droplet-based microfluidics involves the generation and manipulation of discrete droplets
inside micro-devices (Teh, Lin, Hung, & Lee, 2008) and unlike continuous-flow systems, droplet-based
microfluidics allows for independent control of each droplet. Droplet microfluidics encompasses two
different approaches;

e  Mechanisms that are much more similar to traditional microfluidics, in which droplets are carried
by a carrier flow, and;

e  More innovative mechanisms like electrowetting for droplet transport or the use of stimuli-respon-
sive surfactants for directed droplet movement at the air-liquid interface.

Photo-manipulation of droplets for microfluidic purposes can be realised through the use of photo-
sensitive molecules incorporated in surface (channel) coatings or surfactants.

In 1992 Chaudhury and Whitesides (Chaudhury & Whitesides, 1992) showed that a wettability
gradient on a surface is able to induce droplet motion. In this context, if a wettability gradient of a mi-
crofluidic platform could be optically induced, then droplet movement could be realised. Given the fact
that light intensity is easily manipulated, a gradient can be created by partially illuminating a substrate
that exhibits photo-responsive wettability behaviour.
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Figure 8. (A) SP acrylate switching in acidic environment between the MC-H* form (right) and the SP
form (left) when irradiated with white light. (B) Picture of the spiropyran acrylate monolith flushed
with HCI 10° M switched between the MC-H* form, in the absence of light exposure and the SP form
when irradiated with white light. (C) Schematic representation of the cross section of the microchip:
1) Electrode; 2) 1.5 ml 10° M HCI reservoir; 3) PEEK tubing; 4) epoxy glue; 5) PMMA sheet 5 mm
thickness; 6) layer of PSA; 7) second sheet of PMMA (0.5 mm thickness); 8) SP acrylate monolith 8 mm

length; 9) white LEDs (430-760 nm)
Scarmagnani et al., 2010. Copyright © 2010 Trans Tech Publications Inc.
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Photo-responsive surface wettability is usually achieved by functionalising with a photochromic moi-
ety, most often azobenzenes and spiropyrans that dramatically change polarity upon photo-irradiation.
Although a vast variety of photochromic coated substrates have shown to exhibit significant changes in
wettability upon photo-stimulation (Anastasiadis et al., 2008; Fries, Samanta, Orski, & Locklin, 2008;
Lygeraki et al., 2008; Samanta & Locklin, 2008; Wang et al., 2012), so far only a few have demonstrated
droplet photo-manipulation.

Ichimura et al. (Ichimura, Oh, & Nakagawa, 2000) showed the movement of an oil droplet on a flat
surface modified with calix[4]resorcinarene derivative having photochromic azobenzene units. Asym-
metrical photo-irradiation of this surface with different UV and visible light fluxes caused a gradient
in the surface free energy due to the isomerisation of the azobenzene-containing monolayer, leading
to a directional droplet movement. Although the velocity of the droplet depended intrinsically on the
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intensity and gradient of the light, a typical speed of 35 pL min™' was observed for the motion of a 2 pL.
olive oil droplet. Authors also demonstrated the photo-manipulation of fluid inside a surface-modified
glass tube, showing the applicability of this technique for fluid manipulation in microfluidics. Although
there is no theoretical limitation in movement distance for this approach, the surface-assisted method
was only demonstrated for liquids that exhibited both small-hysteresis and large photo-induced changes
in contact angles upon photo-isomerisation.

More recently, similar results were reported by Yang et al. (D. Yang et al., 2007) using a flat surface
functionalised with an azobenzene monolayer, and also by Berna et al. (Berna et al., 2005), using a
photo-sensitive rotaxane-modified substrate (flat or tilted by 12 °C). Although promising, these photo-
droplet manipulations were only demonstrated for olive oil, a few organic compounds (benzonitrile,
diiodomethane, 1-Methylnaphthalene, 1,1,2,2 - Tetrachloroethane), some nematic liquid crystals, but
never for water. At this stage, photo-manipulation of surface wettability cannot produce fast manipula-
tion of a large number of individual droplets, which is required for delivering real-life applications of
digital microfluidics.

Another interesting means of transporting pL.-sized droplets that has been explored in recent years
is the use of photo-sensitive surfactants (Diguet et al., 2009; Diguet et al., 2011). These are surfactants
that incorporate a photochromic moiety, most often spiropyrans (S. L. Liu, Fujihira, & Saji, 1994; H.
Sakai et al., 2007; K. Sakai, Imaizumi, Oguchi, Sakai, & Abe, 2010; Takagi, Kurematsu, & Sawaki,
1995; Takumi et al., 2007) or azobenzenes (Diguet et al., 2009; Diguet et al., 2011; Eastoe, Dominguez,
Wyatt, Beeby, & Heenan, 2002; L. Yang, Takisawa, Hayashita, & Shirahama, 1995; Zhang, Wang, &
Lee, 2009), although other photoswitchable moeties have also been investigated (Bonini et al., 2005;
Eastoe et al., 2002).

For linear surfactants functionalised with spiropyrans or azobenzenes, UV irradiation induces
isomerisation of the photochromic unit to the more polar form which causes an increase in air—water
interfacial tension of up to 10 mN m™! (Baigl, 2012). Diguet et al. (Diguet et al., 2009) explored the use
of a cationic photo-sensitive surfactant that incorporates an azobenzene unit for photo-manipulation of
droplets. The first demonstration was performed with an oil droplet floating on a water bath containing
a cationic photo-sensitive azobenzene trimethylammonium bromide surfactant AzoTAB (Figure 7A)
that is initially in the trans configuration. Partial illumination of the solution containing AzoTAB with
UV light, next to the droplet, resulted in a higher surface tension in the illuminated area and the droplet
could be ‘pushed’ along by the UV light. Contrariwise, by changing the light source to blue light, the
surface tension gradient formed is in the opposite direction, causing the droplet to be ‘pulled’ along by
the blue light. This type of droplet manipulation can be performed repeatedly, with droplet velocities of
up to 300 pm s™'. The authors also demonstrated that greater precision of droplet manipulation can be
achieved by using simultaneous two-color illumination, wherein the center part of the droplet is under
blue illumination (attraction) while the droplet periphery is surrounded by a UV light (repulsion). This
two-color illumination creates a ‘trap’ for the droplet and therefore by moving the two-color source, the
droplet can be moved at will around a desired trajectory. Figure 9B shows a superposition of a set of im-
ages which follows the path of a single droplet as it is moved along a heart-shaped trajectory at a speed of
about 300 um s™. This type of precise and fast droplet manipulation is very appealing for droplet-based
analytical/microfluidic applications, as now one can imagine parallel and complex manipulation of a
large number of individual pL-sized droplets using two-color location control.
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Figure 9. A-Molecular structure of the photo-sensitive surfactant AzoTAB. Upon illumination at 365 nm,

trans-AzoTAB isomerises to cis configuration, resulting in a more polar tail
Adapted from Diguet et al., 2009. B-Photomontages of the motion of a droplet along a heart shape trajectory. Reproduced with
author’s permission from www.baigllab.com

A Br
fo] \N i Br
o f
(365 nm) o
N/,N — N ©
)
O o
N
R
trans-AzoTAB cis-AzoTAB

Another fascinating way of using photo-sensitive surfactants to control liquid behavior was recently
demonstrated by the same group. In this case, AzolAB was used to provide photo-induced reversible
switching between a continuous two-phase laminar flow and a droplet generating regime, in microfluidic
devices employing a typical water-in-oil flow focusing geometry (Diguet et al., 2011). Based on the same
principle, they demonstrated that interfacial energy between flowing liquids and the microfluidic substrate
could be photo-modulated. When AzoTAB was added to the aqueous phase of a two-phase laminar-flow
regime (water/oil) in a microfluidic system, UV light induced fragmentation of the flow, to a regime
where mono-dispersed droplets were formed. When the light stimulus was removed, the system reverted
to the laminar regime. This strategy was applicable to different device morphologies and allowed many
cycles of reversible and rapid switches as well as spatio-temporal control of flow regime localisation.

More recently, we have demonstrated that surfactant type molecules can be on-demand released
from organic based droplets (e.g. droplets made of dichloromethane) through photo-manipulation of
the pH of the external solution (Florea et al., 2014). This process causes a propulsion-type movement,
much faster than previously reported photo-induced droplet movement with speeds up to 4000 um s='.
This is the first example of photodriven chemopropulsion (photo-chemopropulsion), in which photo
irradiation in close proximity to the micro-vehicle (lipophilic droplet) initiates a rapid pH change in the
aqueous channel fluid in which the vehicle (droplet) sits. This causes rapid solubilisation of the released
lipophilic surfactant type molecule in the channel fluid and an immediate change in surface tension
of the fluid surrounding the droplet resulting in fast movement (ca. 100-4000 um s ~!) of the droplet
away from the light source. Although this movement is reversible it requires a rather complex system
in order to achieve photo-chemopropulsion. In this case particular chemicals are required for both the
droplet and the surrounding solution making this system rather specific and not easily implemented for
wide applications. Moreover, the droplet (made of dichloromethane) is susceptible to evaporation and
therefore not likely to be used for long-time applications. Several approaches have been made in order
to overcome these problems and chemo-propelled droplet made of ionic liquids (ILs) have been recently
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demonstrated by us (Francis, Fay, Florea, & Diamond, 2015). Due to the inherited no vapour pressure of
the IL, these droplets are not subject to evaporation, are environmentally stable, can dissolve a vast range
of chemicals and have been shown to spontaneously move in a wide range of chemical gradients in open
fluidic channels, following the source of a chemoattractant (eg. HCI, NaCl, Na,SO,). Several strategies to
photo-induce chemopropulsion of these IL droplets are currently under investigation in our laboratories.

CONCLUSION

The examples presented here give some indication of the potential of using an optical stimulus for photo-
modulation of flow behavior in micro-fluidics by incorporating photo-responsive units into polymeric
actuators, coatings, or surfactants. Although these examples can only hint at the possibilities, such as
photo-modulation of flows or photo-induced droplet formation in microfluidics, the reader can gain
some knowledge of the tools now available to achieve these effects. Incorporation of photo-responsive
or photo-thermo-responsive molecules in microfluidics together with smart engineering of the opto-
functional unit can provide switchable characteristics that have great potential for many target applica-
tions. Opto-controlled microfluidics can open new possibilities based on unprecedented flexibility,
versatility, reduced costs and simplicity. Moreover, advanced features such as parallel manipulation of
multiple spatially resolved photo-responsive units through the use of patterned light exposure, variable
light intensities, user selectable wavelengths, and excellent temporal control, become practically realis-
able. This clearly opens great advantages over standard actuation methods that rely on highly complex
arrays of actively moving components (pumps, valves) based on individually addressable electronic or
pressure based control.

We believe that the use of opto-responsive units in microfluidics could form the basis of the new
types of autonomous microfluidic-based analytical devices that are much more biomimetic in nature, and
lower cost than current technologies. However, the future of opto-manipulated microfluidics relies on
convincing demonstrations of their application to real scenarios in which their unique photo-controlled
characteristics lead to truly disruptive platforms for studying chemical or biological processes compared
to existing technologies. As for now, this field is still at an early stage and the functionality of these
photo-responsive materials in real-life scenarios is yet to be demonstrated. Issues like biocompatibility,
environmental stability, environmental safety and contamination are still to be addressed before these
disruptive technologies can become competitive on the microfluidics market.
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