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Figure and Table Captions 
Chapter 1 (Literature Survey) 

Figure 1.1 Scheme demonstrating two methods of polymer brushes development (A) 
Grafting–to and  (B) Grafting-from 

Figure 1.2 Scheme showing the collapse and expansion of a hydrogel system 

Figure 1.3 
Schematic structure of spirobenzopyrans, representing the two orthogonal 
planes formed by two halves bonded in a spiro manner. The heterocyclic 
indoline part (i) and the benzopyran part (ii) of the spiropyran unit 

Figure 1.4 
Schematic structure of indolinespirobenzopyran (ISBP), showing the position 
of each atom. R’ is typically CH3, (CH2)2COOH or phenyl while R represents 
a NO2, OH or Cl group. 

Figure 1.5 
3D structures of the conversion of SP (left) to the MC (right) form upon UV 
light exposure and reversible switching from the zwitterionic MC form to the 
SP form upon visible light exposure. 

Figure 1.6 Reversible isomerisation of spirobenzopyran (SP) to merocyanine (MC) and 
protonated merocyanine (MC-H+). 

Figure 1.7 

Scheme indicating the two spatial interactions that may occur between the lone 
pairs on N1’ and O1 and antibonding (s*) between Cspiro-O and the 
heteroatoms. (i) (n(N1)- s*(Cspiro-O)) is favoured compared to the Oxygen 
atoms lone pair (nO) electrons interactions with the antibonding of the C2’2-N1’ 
bond (s* C-N). (ii) (n(O1)- s*(Cspiro-N1)) determining a weakening of the Cspiro-
O1 bond and the strengthening of the Cspiro-N1’ bond. (reproduced from[57] 

Figure 1.8 

Chemical structures of the orthogonal closed ring ISBP form and the probable 
merocyanine intermediate isomers (represented here by cis (C) or trans (T) 
configurations around the N-C=C-C, C=C-C=C and C-C=C-CO bonds) upon 
photo-excitation. (reproduced from [45]) 

Chapter 2 

Figure 2.1 

Manufacture schematic: (i) patterned etch mask applied for RIE, (ii) RIE etch 
to define SI plates, (iii) deposit of SiO2, (iv) deposit of Cr and Au, (v) deposit 
and pattern of PPy, (vi) pattern of Cr and Au, (vii) finished etching, (viii) free 
plates and hinge by etching SiO2 (Adapted from Smela et al. [21]). 

Figure 2.2 

Schematic image of Si plate rotating on PPy/gold hinges; a) Bilayer PPy is 
reduced, plate lies flat. B) Bilayer PPy is partly oxidized, plate rotates out of 
the plane. (the electrochromic PPy is oxidised in both) (Adapted from E. 
Smela [28]). 

Figure 2.3 Design and working principles of the stop valve incorporated into the 
microfluidic chip. (Adapted from Y. Tanaka et al.[29]). 

Figure 2.4 

Figure 2.4. Overview of the fabrication steps involved for the electro-adaptive 
microfluidic system, including electrode deposition onto the VHB acrylic 
elastomer, stacking of these actuators, casting of the PDMS passive layer, 
activating the PDMS substrate and passive layer via air plasma followed by 
bonding them, and reinforcing the inlet by casting a short PDMS strip over the 
inlet. (Adapted from C. Murray et al. [30]). 

Figure 2.5 
Figure 2.5. Scheme showing the reversible shrinking and swelling of a 
hydrogel based on dominant hydrophilic (left) or hydrophobic (right) 
interactions, respectively. 

Figure 2.6 

A microfluidic device demonstrating pH sensitive hydrogels working as a pH 
flow sorter; (a) flow of pH 4.7 is directed to the right as the p(HEMA-AA) 
hydrogel is in its contracted state while p(HEMA-DMAEMA) hydrogel is in 
its expanded state at this pH; (b) the flow is prevented due to the expansion of 
both hydrogels at pH 6.7; and (c) the flow is directed to the left due to the 
contraction of the p(HEMA-DMAEMA) hydrogel and p(HEMA-AA) hydrogel 
expansion at pH 7.8 (Adapted from Beebe D. et al. [13] 

Figure 2.7 Schematic illustration and working mechanism of the shut-off valve; a) 
Diagram of the shut-off valve; b), c) top and side view, respectively, showing 
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hydrogel expansion, deforming the membrane and blocking flow in the 
adjacent channel; d), e) top and side view, respectively, showing hydrogel 
contraction, causing the membrane to return to the initial position and allowing 
fluid to flow. (Adapted from Beebe D. et al. [13]). 

Figure 2.8 

Schematic illustration of the pNIPAAm thermo-responsive hydrogel valve; (a) 
shows the hydrogel plug confined in the Teflon tube under free conditions and 
when compressed by two stainless steel rods that fit into the Teflon tube; (b) 
shows the side and top views of the valve when incorporated into a 
polycarbonate microfluidic devices at temperatures above (valve open) and 
below (valve closed) the critical temperature (Tc). Adapted from J. Wang et al. 
[52] 

Figure 2.9 

(a) Schematic illustration of the autonomously-triggered on-chip microfluidic 
cooling device. The dashed blue line and arrows show the pathway of the fluid 
as it is pumped and recirculated through the microchannels; (b) Cross-section 
of the device showing the device components; when the temperature of the 
heater is 32 °C, the hydrogel contracts and the Ni impeller rotates, pumping 
and recirculating cool water. Oppositely, when local temperatures drop below 
32 °C, the hydrogel expands stopping the Ni impeller from rotating. (Adapted 
from Agarwal A. K. [53]). 

Figure 2.10 

Illustration showing three parallel micro-channels each containing a photo-
polymerised hydrogel valve; individual valve actuation can be achieved 
without interference with adjacent valves. (a) channels before valve photo-
actuation, (b) during photo-actuation and (c) represents the channel after 
photo-actuation (Adapted from Sugiura et al. [69]). 

Figure 2.11 

Illustration showing the performance of the ionogel micro-fluidic valves; a) 
micro-valves composed of the different ionogels are expanded and the valves 
are closed before light irradiation. b)-d) depending on the anion incorporated 
inside the ionogel, each valves opens after different times of light irradiation. 
(Adapted from Benito-lopez et al [73]). 

Figure 2.12 

Representation of the proton exchange in the p(NIPAAm)-co-SP-co-AA 
hydrogels, between the acrylic acid and the spiropyran moieties together with 
the effect of white light irradiation; (right) more hydrophilic chains containing 
the protonated, yellow coloured merocyanine (MC-H+); left: less hydrophilic 
chains obtained after white light irradiation due to the conversion of MC-H+ to 
the hydrophobic SP form; 

Figure 2.13 

Photo-induced hydrogel valve actuation showing fluid flow modulation in a 
micro-channel; (left) p(NIPAAm)-co-SP-co-AA hydrogel is expanded and 
valve is closed; (middle) application of blue light; (right) hydrogel contracts 
upon light irradiation and valve opens allowing fluid to flow. (Reproduced 
from [67]). 

Figure 2.14 Schematic showing collapse of the hydrogel with the application of AMF, 
opening the valve. Adapted from N.S. Satarkar et al. [75]. 

Chapter 3 

Figure 3.1 
Photo-curing of hydrogels produced when the polymerisation solvent was 4:1 
(V:V) organic solvent (THF, dioxane and acetone, respectively) : 
deionised water. White light polymerisation was initiated after 60s. 

Table 3.1 

Rheological properties of monomeric cocktails during photo-induced curing in 
the presence of different polymerisation solvent mixtures. The storage (G’) and 
loss moduli (G”) measurements were recorded after 360s of white light 
irradiation. (G’-storage modulus, G” - loss modulus). 

Figure 3.2 SEM images of hydrogels synthesised using different (V: V) ratios of THF: DI 
water as the polymerisation solvent. 

Figure 3.3 
Storage moduli versus shear stress of the hydrated hydrogels polymerised in 
the presence of THF: DI water solvent mixtures during a strain amplitude 
sweep using a normal force of 1N. 

Figure 3.4 Chemical structure of p(NIPAAm-co-SP-co-AA) polymer chains under 
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different illumination conditions. 

Figure 3.5 
Microscope images (magnification X60) of the hydrogel shrinking and 
reswelling area of the three V: V ratios ((a) 4:1, (b) 2:1 and (c) 1:1) of the 
THF: DI water solvent mixture. 

Table 3.2 Hydrogel contraction and expansion relative areas (%) during three irradiation 
cycles (n=3) % area changes calculated relative to the initial area. 

Figure 3.6 
Photo-actuation cycles of hydrogel samples produced in the presence of 
different polymerisation solvent mixtures (THF: DI water (a), Dioxane: DI 
water (b), Acetone: DI water(c)), in real time. 

Chapter 4 

Figure 4.1 Side view of in-house made cell for gel polymerisation; insets show the 
photomask including specific measurements of a single arc-shaped walker. 

Figure 4.2 

A) Schematic diagram showing the individual components of the ratcheted 
channel: glass slide, ratcheted channel bottom with side walls in black PMMA 
and PMMA back layer; Cartoon showing side (B) and front (C) views of the 
channel after assembly and D) Photo of the real ratcheted channel. 

Figure 4.3 
Chemical structure of the p(NIPAAm-co-SP-co-AA) hydrogel walkers under 
different illumination conditions and the physical effect it has on the gel 
morphology. 

Figure 4.4 

Series of snapshots showing the effect of light irradiation on the hydrogel 
walker. A) Light irradiation is initiated; B-D) Gradual reduction of inter-leg 
distance results in the trailing leg (right) being “dragged” over the bevel of the 
ratchet step. 

Figure 4.5 

Series of snapshots showing the walking behaviour of the hydrogel (Video 
S1). A – B shows contraction of the trailing leg. C – Swelling in the dark 
results in the forward leg being pushed over the ratchet. D – E The sequence is 
repeated which results in the gel achieving a unidirectional walking motion 
(right to left). 

Figure 4.6 
Photo-curing of hydrogels produced under different light irradiation times 
(40s, 45s and 50 s, respectively). White light polymerisation was initiated at 
t=60 s. 

Figure 4.7 

Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s and 
50s of light irradiation, respectively, showing the relative changes in walker 
area when exposed to different illumination conditions. The measurements 
have been done in triplicate and the error bars represent standard deviations. 

Figure 4.8 
Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s and 
50s of light irradiation, respectively, showing the relative changes in legs 
distance when exposed to different illumination conditions. 

Figure 4.9 
Three photo-actuation cycles of hydrogel walkers produced after 40s, 45s and 
50s of light irradiation, respectively, showing the relative changes in legs 
distance when exposed to different illumination conditions. 

Chapter 5 

Figure 5.1 

Crystals of the norbornene-spiropyran derivative (SP) exhibiting solid-state 
photoisomerisation under the following conditions: (a) 1 min UV irradiation, 
(b) additional 1 min white light irradiation, and (c) additional 2 min white light 
irradiation. The strong purple colour in (a) is indicative of significant 
formation of the merocyanine isomer, whereas the lighter purple colour in (b) 
indicates co-existence of both isomers. The colourless crystals (c) indicate that 
the system has largely reverted to the spiropyran isomer. 

Figure 5.2 

Images (a–c) and UV-Vis spectra (d) of the SP solutions in ACN (1.5 × 10−3 
M) in the presence of various divalent metal ions (molar ratio SP:M2+ 2:1); (a) 
initial solutions before illumination; (b) after 10 min of UV light illumination; 
(c) after 10 min of white light illumination; (d) UV-Vis spectra of solutions 
shown in (b). As it can be observed from the images (a-c) and UV-Vis spectra 
(d), in the current experimental conditions (M2+ concentration in ACN is 0.75× 
10−3 M), no absorbance band due to the presence of M2+ salt alone was 
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observed in the visible region of the spectrum. 

Figure 5.3 

Absorbance changes of the SP solutions in ACN (1.5 × 10−3 M) in the presence 
of increasing concentrations of Co2+ (0–1.5 mM) after irradiation with UV 
light; Inset shows the linear dependence of the ratio of the absorbance at λmax 
≈ 500 nm (MC:Co2+) and the absorbance at λmax ≈ 570 nm (MC) as a function 
of concentration of Co2+ for concentration ranges 0–0.15 mM and 0.33–1.5 
mM. 

Figure 5.4 

Absorbance changes of the SP solutions in ACN (1.5 × 10−3 M) in the presence 
of increasing concentrations of Cu2+ (0–1.5 mM) after irradiation with UV 
light; Inset shows the linear dependence of the absorbance at λmax ≈ 430 nm 
(MC:Cu2+) as a function of Cu2+ concentration (0–0.8 mM). 

Figure 5.5 
Images (a) and absorption spectra (b) of the coated micro-capillaries when 
solutions of different metal ions in ACN (10−3 M) are passed through the 
micro-capillary after irradiation for 1 min with UV light. 

Figure 5.6 

Schematic representation of the metal ion binding, sensing, and release cycle 
in the SP polymeric brushes coated micro-capillary. (a) polySP coated micro-
capillary before irradiation; (b) formation of polyMC upon UV irradiation; (c) 
binding of M2+ to polyMC coating; (d) photo-controlled release of M2+ upon 
white light irradiation and regeneration of polySP coating. 

Figure 5.7 

Absorbance at 510 nm recorded on a USB400 spectrometer over time, using 
the set-up depicted in Figure A3.7. Five stages (1–5) are identified as 
described in the text; The increase of the absorbance band centred at 510 nm 
indicates the presence of PAR-Co2+ complex; Bottom bar indicates the state of 
the functionalised micro-capillary as per Figure 6: (a) polySP coated micro-
capillary before irradiation; (b) formation of polyMC upon UV irradiation; (c) 
binding of Co2+ to polyMC coating; (d) photo-controlled release of Co2+ upon 
white light irradiation and regeneration of polySP coating. 

Chapter 6  

Figure 6.1 

Schematic of the reaction of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-
indolin]-1’-yl)ethanol (Nitro-SP) and ! ± #$%&$'	)'$* in the presence of DCC 
and DMAP to produce 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-
1’yl)-5-(1,2-dithiolan-3-yl) pentanoate (Dithiolane-SP). 

Figure 6.2 Functionalisation of gold coated silicon wafer with dithiolane-SP SAMs. 

Figure 6.3 
Schematic of gold coated substrates functionalized with (a) 100% dithiolane-
SP; (b) 1:1 (molar ratio) dithionale-SP: lipoic acid and (c) 1:3 (molar ratio) 
dithionale-SP: lipoic acid. 

Figure 6.4 

H1-NMR spectra of, 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-
yl)ethanol (Nitro-SP). 1H-NMR (CDCl3): δ 1.21 (s, 3H), 1.31 (s, 3H), 3.38 (m, 
2H), 3.75 (m, 2H), 5.90 (d, 1H), 6.69 (d, 1H), 6.92 (d, 1H), 6.94 (m, 2H), 7.11 
(d, 1H), 7.20 (m, 1H), 8.01 (m, 2H). 

Figure 6.5 
H1-NMR spectra of .	*$+ℎ$&#)-.,	1H-NMR (CDCl3): δ 1.52 (m, 2H), 1.71 (m, 
4H), 1.94 (sext, 1H), 2.41 (t, 2H), 2.49 (sext, 1H), 3.16 (m, 2H), 3.60 (sext, 
1H), 5.33 (s, 2H). 

Figure 6.6 

H1-NMR spectra of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-
1’yl)-5-(1,2-dithiolan-3-yl)pentanoate (dithiolane-SP), 1H-NMR (CDCl3): δ 
1.18 (d, 3H), 1.21 (m, 4H), 1.34 (m, 3H), 1.53 (m, 5H), 1.80 (sext, 1H), 2.19 
(m, 2H), 2.34 (sext, 1H), 3.02 (m, 2H), 3.09 (m, 1H), 3.34 (m, 2H), 4.09 (m, 
1H), 4.17 (m, 1H), 5.81 (d, 1H), 6.63 (d, 1H), 6.68 (d, 1H), 6.81 (m, 2H), 7.02 
(d, 1H), 7.12 (t, 1H), 7.94 (m, 2H). 

Figure 6.7 

3Carbon-NMR spectrum of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-
indolin]-1’yl)-5-(1,2-dithiolan-3-yl) pentanoate  (dithiolane-SP), 13C-NMR 
(CDCl3): δ 19.85, 24.54, 25.90, 28.74, 31.00, 33.92, 38.50, 40.24, 42.39, 
52.85, 56.31, 62.43, 106.74, 115.57, 118.42, 119. 

Figure 6.8 The absorption spectrum of a 10-5 M solution of dithiolane-SP in ethanol, 
under different illumination conditions. 

Figure 6.9 Graph depicting the solvatochromic effect of dithiolane-MC isomer that shows 
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a different absorption lmax in solvents of different polarity (DCM and Ethanol). 

Figure 6.10 

The UV/Vis cycles following SP and MC isomerisation. UV irradiation causes 
the switching of the SP to the MC form, resulting in an increase in the 
absorbance at lmax 550nm, until equilibrium is reached. Following this, the UV 
light is removed and replaced with white light, causing the switching back to 
the SP form. This process is monitored through the decrease in the absorbance 
at lmax 550nm. The cycle is repeated four times. 

Figure 6.11 Isomerisation of dithiolane-SP SAMs, between the SP and the MC form after 
specific illumination conditions. 

Figure 6.12 
Contact angle graphed data of functionalised gold slides with different ratios of 
Dithoilane-SP: Dithoilane prior to illumination. (a)thin gold layer (b) thick 
gold layer 

Figure 6.13 

Contact angles obtained for the thin gold layer functionalised with SAMs using  
1:3 dithiolane-SP:	! ± #$%&$'	)'$* solution; (a) UV and WL illumination 
cycleswere  carried out in dry conditions; (b) UV and WL illumination cycles 
were carried out in ethanol. 

Figure 6.14 Schematic of cantilevers with cantilevers numbering in each well (top left) 
along with SEM images of the cantilevers at different magnifications. 

Figure 6.15 

(a) Reference and cantilever response to UV irradiation for cantilever 
functionalised with only dithiolane-SP; A0 is the reference cantilever. (b) 
Difference in deflection between the reference cantilever and the 
functionalised cantilevers. There was a relatively small difference in 
deflection, which was in a downward direction. (c) Reference and cantilever 
response to white light irradiation for cantilever functionalised with only 
dithiolane-SP; A1 is the reference cantilever. (d) Difference in deflection 
between the reference cantilever and the functionalised cantilevers. There was 
a relatively small difference in deflection, which was upwards, back to the 
original position prior to UV light irradiation. 

Figure 6.16 Proposed hydrogel self-moving origami style hinges. 
Figure 6.17 Proposed hydrogel self-folding 3D shapes: (a) cube (b) tetrahedron. 
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Aishling Dunne 

Stimuli-responsive Materials for Microfluidic 

Applications 

 
Thesis Abstract: 

 

The possibility of using photo-stimulation to perform flow control and sensing in 

microfluidics is very appealing as light can be applied in a non-invasive and highly 

precise manner. In the field of stimuli-responsive polymers, hydrogels offer a simple 

and effective method to fabricate three-dimensional polymeric networks whose water 

content can be modulated through external stimulation. By incorporating stimuli-

responsive units into the gel structure, hydrogels can be actuated by external stimuli 

such as light, temperature and pH, among others. One of the most popular ways to 

achieve photo-control is through the use of photo-responsive molecules, such as 

spiropyrans. This thesis focuses on presenting the synthesis, characterisation and 

potential applications of stimuli-responsive materials based on spiropyrans, in 

particular as photo-controlled polymeric actuators, and photo-sensitive coatings. 

Chapter 1 offers a brief overview of the field of stimuli-responsive materials and 

photo-responsive materials in particular, and Chapter 2 discusses possible 

applications of such materials in microfluidic devices. Chapter 3 describes the 

synthesis and characterisation of photo-responsive hydrogels based on N-

isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid (p(NIPAAm-co-SP-co-

AA)) copolymer, while in chapter 4 this material is used to produce a millimetre-

sized bipedal hydrogel walker. When subject to light cycles, the bipedal gel produces 

a walking motion by taking a series of steps in a given direction. Chapter 5 focuses 

on spiropyran polymeric brushes as coatings in micro-capillaries and confirms their 

potential for metal ion binding, sensing and release. Chapters 6 focuses on the 

synthesis and surface functionalisation of other spiropyran derivatives and describes 

future work in the area of photo-responsive materials and hydrogels. 
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Chapter Overview 
Chapter 1: Literature Survey 

 

This introductory chapter discusses how research into microfluidics has become of 

great interest, with many researchers attempting to generate and control flow in 

micro-sized devices through the incorporation of stimuli-responsive materials. 

Stimuli-responsive materials offer the possibility to externally control fluid flow. 

Although there are many types of stimuli-responsive materials, the main focus of this 

chapter is on photo-responsive materials, in particular photo-responsive materials 

based on spiropyrans switches.  

 

Chapter 2: Stimuli-induced Fluid Control in Microfluidic Channels 

 

This review chapter discusses the use of stimuli-responsive materials incorporated 

into microfluidic systems, providing a means to locally manipulate flow at the 

microscale, in a non-invasive manner, while also reducing system complexity. 

Importantly, there are several modes of stimulation being discussed, including 

electrical, magnetic, photo and thermal, among others. The chapter describes means 

of achieving control of flow through stimuli-induced actuation of microfluidic 

components (valves, pumps, mixers, flow sorters) that are most often fabricated from 

soft polymeric materials. The focus of this chapter is to identify and compare the 

similarities and underlying mechanisms employed in the current state of the art 

research in stimuli-induced fluid control. 

 

Chapter 3: Solvato-Morphologically Controlled, Reversible NIPAAm Hydrogel 

Photoactuators 

 

In this work, published as an original article, photo-actuator hydrogels were 

generated using a N-isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid 

(p(NIPAAm-co-SP-co-AA)) copolymer, in 100-1-5 mole ratio. Different ratios of 

deionised water: organic solvent (tetrahydrofuran, dioxane and acetone) were used as 

the polymerisation solvent. We successfully demonstrated that the polymerisation 

solvent had a significant effect on the curing time, the elasticity and morphology of 
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the resulting hydrogel. To our knowledge, this was the largest reported photo-

induced area change for self-protonated spiropyran containing hydrogels to date. The 

shrinking/reswelling process was completely reversible in DI water with no 

detectable hysteresis over three repeat irradiation cycles. 

 

Chapter 4: Spiropyran Based Hydrogels Actuators - Walking in the Light 

 

Herein we report on the synthesis of a bipedal hydrogel walker, based on N-

isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid p(NIPAAm-co-SP-co-

AA). Due to the presence of the photochromic spiropyran molecule in the polymer 

structure, these hydrogels reversibly shrink and swell in aqueous environments when 

exposed to different light conditions. When placed onto a ratcheted surface, the 

actuation of the bipedal gel produces a walking-like motion by taking a series of 

steps in a given direction, as determined by the optimised design of the ratchet 

scaffold. We anticipate that such biomimetic hydrogel walkers could form the basis 

of light-actuated soft robots capable of more advanced functions such as autonomous 

migration to specific locations accompanied by triggered release of molecular cargo. 

 

Chapter 5: Micro-capillary Coatings Based on Spiropyran Polymeric Brushes 

for Metal Ion Binding, Detection and Release in Continuous Flow 

 

Micro-capillaries, capable of light-regulated binding and sensing of divalent metal 

ions in continuous flow, have been realised through functionalisation with spiropyran 

photochromic brush-type coatings. Upon irradiation with UV light, the coating 

switches from the passive non-binding spiropyran form to the active merocyanine 

form, which binds different divalent metal ions (Zn2+, Co2+, Cu2+, Ni2+, Cd2+), as 

they pass through the micro-capillary. Furthermore, the merocyanine visible 

absorbance spectrum changes upon metal ion binding, enabling the ion uptake to be 

detected optically. Irradiation with white light causes reversion of the merocyanine to 

the passive spiropyran form, with simultaneous release of the bound metal ion from 

the micro-capillary coating.  
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Chapter 6: Future work 

 

This chapter suggests a few potential future pathways of the work presented in this 

thesis. Several new approaches for the creation of novel materials incorporating 

spiropyran derivatives for different applications are proposed



 

Chapter	1	

 

Literature	Survey	
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1.1 Microfluidics and Lab on a Chip Devices 

 

In general, a microfluidic system deals with the conduct, accurate control and 

operation of fluids that are forced through micro/nano-litre scale channels [1]. One 

area that has emerged from microfluidics is the generation of micro-scaled Lab on a 

Chip (LOC) devices which are also known as micro total analysis systems (µTAS). 

These devices continue to be developed and produced to execute difficult laboratory 

tasks on a single device on a small scale [2]. Manufacture of microfluidic devices can 

be realised by using a variety of technologies and with a large array of materials, such 

as silicon and glass, together with a wide range of polymers in particular 

polydimethylsiloxane (PDMS) and poly(methyl methacrylate) (PMMA). 

The continued research into microfluidics has enabled several chemical and 

biological applications that require micro-nano litre scales [3-5]. Unfortunately, to 

date a disadvantage within microfluidics research in the necessary macro-scaled 

power supplies, control systems and sensing elements that microfluidic systems 

depend upon. Consequently, a solution to replace microfluidic sensing elements with 

stimuli-responsive materials has been in focus in recent years. Using stimuli-

responsive materials in this manner has enabled non-invasive externally controlled 

fluid manipulation with in a LOC device [6-8]. The use of these materials in LOC 

devices is enabling a tremendous reduction in the complexity of the microfluidic 

system allowing full processes to occur safely on the developed device. These stimuli-

responsive materials have been used as micro-valves [9], mixers [10] and pumps [11] 

in the channels of a LOC device for fluid manipulation [6]. Furthermore, more 

recently, stimuli-responsive materials have been successfully applied as coatings for 

the detection of a specific analytes [12,13]. A variety of stimuli-responsive materials 

and their applications will be discussed within this thesis.  

 

1.2 Surface Functionalisation  

One of the most common approaches for surface functionalization involves the use 

of self-assembled monolayers (SAMs). As most microfluidic systems are composed 

of glass, silicon or PDMS, chemical derivatives of trichlorosilanes [14], 

trimethoxysilanes [15] and triethoxysilanes [16] that have a functional group on one 

end of the molecule have been largely used for SAM coatings.  The creation of a 
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SAM coating is easily obtained for microfluidic devices as only a flow of gas or a 

solution passing through the channels of the devices is required to interact with the –

OH groups on the walls of the channels [17]. SAMs have been widely researched and 

have been successfully generated on both flat surfaces and microfluidic devices for a 

variety of uses. 

SAMs can also be used for subsequent attachment of polymer brushes. With the 

large variety of silanization agents available, it has become easier to conveniently 

tether the polymer brush to a surface. Polymer brushes are bound at one end to a 

surface while the other end is free. When a high density of polymer brushes is present 

in one area, a steric repulsion between the brushes occurs causing the chains to 

stretch/elongate and give the brush-like conformation.  

There are two common methods for chemical grafting of polymer brushes, namely 

“grafting-to” and “grafting-from”. “Grafting-to” can be achieved when the 

functionalised end of a polymer can interact with a matching functional group found 

on the surface forming an anchored chain (Figure 1.1(a)). One benefit of this method 

is that it can be achieved with relative ease on flat surfaces via spin/dip coating in a 

suitable polymeric solution. However, the disadvantage to this method is that there is 

a limited number of “binding sites” resulting in low graft densities [18]. 

 In the case of the second method, “grafting-from”, the polymerisation starts from 

the initiating groups previously bound to the surface. The selected monomer then 

infiltrates through the already grafted polymer layer (much easier compared to the 

“grafted-to” method) resulting in a high-density layer of polymer brushes (Figure 

1.1(b)). This method takes advantage of some of the controlled polymerisation 

techniques such as; ring-opening-metathesis polymerisation (ROMP) [19,20] or atom-

transfer-radical-polymerisation (ATRP) [21], among others.  
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Figure 1.1. Scheme demonstrating two methods of polymer brushes development; (a) 

Grafting–to and  (b) Grafting-from. Adapted from [22-24].  

 

 

1.3 Hydrogels 

 

Hydrogels are defined as hydrophilic three-dimensional colloidal polymeric 

materials that are able to uptake and withhold large quantities of aqueous solutions 

with relation to their physical size [3,25]. This hydrophilic character of hydrogels is a 

result of the strong interactions between water molecules and the polymer chains 

hence a high degree of water absorption. However, this ability for a hydrogel to 

absorb relatively large quantities of water can be altered or controlled by adding a 

hydrophobic element inside the hydrogel arrangement. Such hydrophobic units will 

enable polymer-polymer interactions to occur, initiating the expulsion of water 

molecules and causing the polymer network to collapse. As a result, the ability of the 

hydrogel to absorb relatively large volumes of water is dependent on the proportion of 
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hydrophilic (water-polymer) to hydrophobic (polymer-polymer) interactions. It can be 

said that when the hydrophilic interactions are prevalent, the polymer interacts with 

the surrounding water molecules through hydrogen bonding causing the hydrogel to 

swell (Figure 1.2(a)). The opposite can be concluded when the hydrophobic 

interactions are established, resulting in the expulsion of water and initiating the 

hydrogel to shrink (Figure 1.2 (b)).   

By altering the proportions of the hydrophilic and hydrophobic units inside a 

hydrogel matrix, the resulting expanding and contracting of the hydrogel can be 

controlled. For many polymers, the hydrophilic/hydrophobic nature can be switched 

with the application of one or more types of stimuli, for example thermal, electric, pH 

(chemical) or photo stimuli among others, enabling the realisation of a vast number of 

stimuli –responsive hydrogels.  

 
Figure 1.2. Scheme showing the reversible collapse and expansion of a hydrogel system due 

to dominant (a) hydrophilic water-polymer interactions and (b) hydrophobic polymer-

polymer interactions.  

 

 

Such stimuli-responsive hydrogels have been largely studied, in particular for 

applications in microfluidics due to the straight-forward fabrications and integrations 

into such platforms and due to the aptitude of working in aqueous media [7,26,27]. 

The expansion and contraction of hydrogels is a diffusion-controlled process; when 

incorporated into a microfluidic platform, this can potentially reduce the diffusion 

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

H2O

Hydrophobic	
interactions

Hydrophilic	
interactions

(a) (b)

H2O

Interactions =Water/Solution	 – Polymer	interaction Polymer	– Polymer	interaction

H2O

H2O

H2O
H2O

H2O

H2O

H2O

H2O

H2O
H2O



 24 

path-lengths and due to constant flow can improve the time taken for the hydrogels to 

respond to the relevant stimuli [28,29]. A detailed description of different stimuli-

responsive hydrogels, their actuation mechanism and their inclusion in to microfluidic 

devices is presented in Chapter 2 of this thesis. However, in the interest of this work, 

the following sections will focus on materials that are responsive to light of different 

wavelengths. 

 

1.4 Photo-responsive Materials 

1.4.1 Overview 

Photo-responsive materials have gained a lot of interest in recent years, as photo-

stimulus is non-invasive and requires no contact with the responsive material [26].  

A photo-responsive material requires the presence of a photochromic molecule 

within the polymeric material and it is usually integrated by non-covalent doping or 

through covalent attachment. Photochromic units exhibit an isomeric change between 

two or more isomers of different properties (e.g. polarity, hydrophilic/hydrophobic 

character, geometry and charge density) when exposed to light of specific 

wavelengths.  

There are many different photochromic units available but three of the most well-

known families include spirobenzopyrans [30-32] azobenzenes [33,34], and 

diarylethenes [35,36]. All three of these molecular families have been widely studied 

and show reversible photochromic behaviour, transforming from one isomer to 

another when exposed to alternating wavelengths of light. 

In the interest of this discussion, spirobenzopyrans will be the main focus of the 

following section of this report [37]. 

 

1.4.2 Photochromism  

 

Photochromism is defined as a reversible transformation of a chemical species 

between two isomers due to the absorption of electromagnetic radiation, resulting in a 

different absorption spectra of each isomeric form [38]. Such chemical species will 

not only have specific absorption spectra for each isomer form but will also exhibit 

changes in chemical and physical properties including changes in refractive index, 

colour and dielectric constant, among others [39]. 
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The isomerisation of many light sensitive compounds in polymer systems offer 

external results like colour change, shape or size changes, among others, which has 

allowed these materials to be used in a variety of applications such as sensors [40], 

medical devices [41], drug delivery systems [42], bio-sensors [43] and for other novel 

functions [36,44-46].  

Among all the different photochromic families, spiropyrans are one of the most 

studied, due to their clear colour change, relative high photo-sensitivity, potential 

binding sites for different species including metal ions [47] and the quick switching 

from one isomer to the other when exposed to alternating light conditions (UV/Vis). 

 

1.4.2.1 Spirobenzopyrans 

 

In 1952 Fischer and Hirshberg were the first to discover the photochromic 

properties of the spirobenzopyran family [31]. After exposing many spirobenzopyran 

solutions to light irradiation of different wavelengths, a reversible colour change was 

observed.  

Spiropyrans are generally referred to as a 2H-1-benzopyran (substituted) with a 

second ring system that is largely heterocyclic but not always. This is attached in a 

spiro manner to the 2-carbon of the pyran with a common tetrahedral carbon atom 

[45]. In the spiropyran structure, the two halves of the molecule, the indoline part and 

the benzopyran part, are present in orthogonal planes bonded at the common 

tetrahedral sp3 hybridised carbon atom (Figure 1.3).  

The benzopyran section (Figure 1.3 (ii)) is commonplace in the structure of all 

spiropyrans excluding alternative substituents on the aromatic rings. However, the 

heterocyclic section (Figure 1.3 (i)) is inconsistent and is often built upon mono or bi-

heteroatomic azaheterocycles saturated or benzofused [38]. 
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Figure 1.3. Schematic structure of spirobenzopyrans, representing the two orthogonal planes 

formed by two halves bonded in a spiro manner. The heterocyclic indoline part (i) and the 

benzopyran part (ii) of the spiropyran unit [38].  

 

In the interest of this report, a certain class of spiropyrans; 

indolinespirobenzopyran (ISBP) will be the focus of this discussion (Figure 1.4). 

 
Figure 1.4. Schematic structure of indolinespirobenzopyran (ISBP), showing the position of 

each atom. R’ is typically CH3, (CH2)2COOH or phenyl while R represents a NO2, OH or Cl 

group. 

 

In general, spiropyrans can undergo both “positive” and “negative” 

photochromism [48]. In “positive” photochromism, the thermodynamically less stable 

state is strongly coloured upon UV illumination and thermally fades back to the 

original colourless spiropyran form. However, those spiropyrans that contain free 

hydroxyl, amine or carboxyl groups on either ring can also demonstrate “negative” 

photochromism which is when the material appears strongly coloured in the dark and 

reversibly fades when exposed to UV illumination. Photochromism of spiropyrans is 

observed in solution and solvated polymeric systems (including hydrogels) and very 

rarely observed in the solid state unless under specific environmental conditions [49]. 

The isomerisation that occurs in the spirobenzopyran family is the reversible 

transformation from the spirobenzopyran (SP) isomer to the merocyanine (MC) form. 
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Spiropyran (‘spiro’) is a closed ring form that is non-polar, less hydrophilic, 

colourless and orthogonal in structure. Merocyanine is an open ring form that is polar, 

more hydrophilic, strongly coloured, conjugated and planar in structure. Upon UV 

light exposure (~355nm) the colourless closed SP form will transform to the more 

hydrophilic conjugated pink-purple MC form (zwitterion). This transformation is due 

to the heterolytic cleavage of the carbon-oxygen (Cspiro-O) bond in the spiropyran 

form. Thus, the sp3 hybridised spiro carbon becomes sp2 hybridised, rising in the 

aromatic groups to swivel making the p–orbitals align changing the structure from 

orthogonal to planar (Figure 1.5). The newly conjugated bonds enable an ability to 

absorb photons of visible light causing the MC form to become strongly coloured. 

When the same material is exposed to visible light (~420nm) or increased 

temperature, the MC form will transform back to the colourless SP form as the 

molecules relax back to the ground state and the C-O bond reforms returning to the 

sp3 hybridised carbon making the structure orthogonal once more (Figure 1.5) [45]. 

 

 
Figure 1.5. 3D structures of the conversion of SP (left) to the MC (right) form upon UV light 

exposure and reversible switching from the zwitterionic MC form to the SP form upon visible 

light exposure.  

 

In the presence of available protons, protonation of the negatively charged phenol 

group in the photochromic MC form will occur, resulting in the more hydrophilic 

protonated merocyanine form (MC-H+). When this MC-H+ is exposed to visible light 

(~420nm), deprotonation will occur reverting the structure back to the less 

hydrophilic spiropyran form (Figure 1.6) [50-52]. This property has made spiropyrans 

the useful in the development of reversible micro-valves [53,54] and sensors [55,56].  
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Figure 1.6. Reversible isomerisation of spirobenzopyran (SP) to merocyanine (MC) and 

protonated merocyanine (MC-H+). 

 

The photochromism of the spiropyran molecule is largely dependent on a few 

factors; the energy and polarity of the spiro carbon – oxygen (Cspiro–O) bond; the 

charge distribution on the benzopyran ring in particular due to the electron 

withdrawing/donating substituents in ortho- (C8) and para- (C6) positions relative to 

the oxygen atom; and the extent of the interactions between the indoline and pyran 

sections of the spirobenzopyran structure [57,58]. 

 All of these affect the spiropyrans properties and are specifically dependant on the 

spiropyran initial structures. To truly understand the behaviour of photochromic 

spiropyrans it is important to focus on certain interactions and structural features of 

the indoline-spirobenzopyrans (ISBP), particularly in their ground state. In doing this 

an understanding of why spiropyrans exhibit photochromism and unveiling what is 

importantly influencing this behaviour will be uncovered.  

X-ray studies performed on spiropyran structures in their ground states have 

revealed that within the indoline- spiropyran structure the spiro-carbon (C-spiro) is joint 

covalently to the indoline nitrogen atom and to the benzopyran oxygen atom. These 

studies have also unveiled how the indoline section is indeed at a right angle to the 

benzopyran section making the structure orthogonal. 

Within the indoline section there is a dihedral angle in the range of 23-30° found at 

N1’-Cspiro-C3 (Figure 1.4). This specific structure of an indoline heterocycle is largely 

caused by the pyramidal configuration of the nitrogen atom thus reducing the 

conjugation between the unshared lone pair (UEP) on the nitrogen atom and the p-

orbitals of the benzopyran section. The UEP of the nitrogen atom has a sp3 character, 
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when the N atom is positioned perpendicularly to the plane formed by the initial 

carbon of the R’ substituent (C 7a and C2’ 2 atoms). 

 However, the oxygen atom UEP’s are not equivalent as both p– and s–orbital 

characters exist with different configurations; the UEP of the s–electron density is in 

the plane of the (Spiro) C2’2 – O1 – C8a atoms but the UEP of the p-electron density 

transpires perpendicularly to the same plane. By having a SP structure like this, the 

Cspiro-O1 bond of the heterocyclic pyran occupies a trans-position relative to the UEP 

of the N1’ atom whereas in the indoline heterocycle the Cspiro-N1’ bond is also in a 

trans-position but in relation to the p–UEP of the O1 atom.  Due to the nature of this 

type of structure in SP, specific orbital interactions can happen between the 

electronegative heteroatoms and the UEP of the N1’ and O1 atoms that are bonded to 

the chiral sp3 carbon atom. This type of interaction can also be labelled as an n -s* 

interaction, which is between the UEP (n) of the heteroatom and the antibonding s* 

orbital of an adjacent polar bond mainly located on the spiro carbon atom. 

As the electronegativity of the oxygen is larger than that of the nitrogen atom, the 

UEP (n) energy of the oxygen atom is lower than that of the UEP (n) energy of the 

nitrogen atom and the antibonding orbital of the Cspiro-O (s*C-O) bond is lower in 

energy than the antibonding orbital od the Cspiro–N (s*C-N) bond. Thus, the 

interactions between the n–electrons of the N atom and the s*-orbital of the Cspiro-O 

bond are significant in the spiro centre. 

As a consequence, the population of the antibonding orbital of the Cspiro-O- bond, 

this interaction ought to result in a strengthening of the Cspiro–N bond and weaken the 

Cspiro–O1 bond, which would appear as a contraction and elongation of these bonds, 

respectively (Figure 1.6). Studies have should that the ‘normal’ length of a C (sp3) - 

N(sp3) bond in a five-membered heterocyclic ring are in the range of 1.47-1.48	Å. 

However, from the work carried out by Aldoshin et al. [57,58] the bond length of the 

Cspiro-N1’ bond is actually in the range of 1.43-1.45 Å, which is considerably shorter. 

While the Cspiro-O1 bond was found to be considerably longer (1.45-1.49 Å) than that 

of the average C-O bond length being in the range of 1.41-1.43 Å. The variation in the 

Cspiro–O1 bond length is detrimental to the photochromic behaviour of the molecule, 

as spiropyran structures with Cspiro–O1 bond length higher than 1.42 Å do undergo 

photochromism while those with a bond length lower than 1.42		Å do not [45]. 
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Figure 1.7. Scheme indicating the two spatial interactions that may occur between the lone 

pairs on N1’ and O1 and antibonding (s*) between Cspiro-O and the heteroatoms. (i) (n(N1)- 

s*(Cspiro-O)) is favoured compared to the oxygen atoms lone pair (nO) electrons interactions 

with the antibonding of the C2’2-N1’ bond (s* C-N). (ii) (n(O1)- s*(Cspiro-N1)) determining a 

weakening of the Cspiro-O1 bond and the strengthening of the Cspiro-N1’ bond. (reproduced from 

[57].) 

 

In these circumstances, UV light photo-excitation of the spiropyran form can cause 

cleavage of the Cspiro-O1 bond. This is due to the further elongation of the Cspiro-O1 

bond similarly to the structural aspects that caused weakening and elongation of the 

Cspiro-O1 bond in the ground state. Also, the presence of electronegative substituents 

on the benzene ring of the pyran section could amplify the photochromic properties of 

the spiropyran molecule. 

The cleavage of the Cspiro-O1 bond that is caused by the photo-excitation of the 

spiropyran molecule leads to the conjugated open merocyanine form (excited state) 

which intensely absorbs in the visible region due to the delocalisation of the p–

electrons [57,59]. Spectroscopic studies on spiropyrans have led to the discovery of 

many transient isomers of merocyanine [45,60,61]. The different MC forms all differ 

in the geometrical arrangement at the three conjugated C-C bonds (C2’2 –C3-C4-C4a). 

In the MC forms all of these C2’2 –C3-C4-C4a bonds have a partial double bond aspects 

with dihedral angles ranging from 0° to 180°, corresponding to cisöid (C) and transöid 

(T) configurations. Stable MC isomers are known to have a central transöid section as 

the cisöid configurations are less stable due to the internal steric hindrances [45].  

Upon UV light exposure, the ring–opening reaction begins with the Cspiro-O1 

cleavage resulting in an internally hindered cisöid intermediate, which quickly 

transforms to a planar MC isomer. Theoretical modelling calculations have 
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demonstrated that the TTC and CTC isomeric forms of merocyanine are the most 

stable due to their highest dipole moments compared to the other MC isomer 

configurations [45].  

 
Figure 1.8 Chemical structures of the orthogonal closed ring ISBP form and the probable 

merocyanine intermediate isomers (represented here by cis (C) or trans (T) configurations 

around the N-C=C-C, C=C-C=C and C-C=C-CO bonds) upon photo-excitation. (reproduced 

from [45]) 

 

1.4.3 Incorporations in to Polymeric Systems 

From the time when the photochromic properties of spiropyrans have been 

discovered, they have been integrated in a large variety of materials. Such materials 

include; polymer brushes[21,23,62], polymeric matrices [63-67], colloidal particles 

[21,68] and initiators for radical polymerisations [69], among many others. There 

have been a large number of studies carried out that use a photochromic spiropyran 

derivative as a result of it well known properties like the reversible isomerisation 

when exposed to specific illumination conditions, conductivity, optical properties[69] 

and metal ion complexation [40,56,70-74] among others. These properties have been 
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utilised in a large array of applications to demonstrate the desired effects. Such 

applications that have employed SP have been used for biological technologies, 

sensors [17,75], photochromic lenses [76], dye-sensitised solar cells [77], optical 

recording [78], actuators [79-83] and others [84-88].  

 

1.5 Metal-ion Binding  

 

As previously mentioned, when exposed to UV light, the closed spiropyran form 

isomerises to the open, more polar, merocyanine form. The merocyanine structure is a 

zwitterion thus it has a negatively charged phenolate oxygen atom serving as a 

potential binding site for cations, such as divalent metal ions, allowing for the 

formation of a (MC-Metal ion) complex (Figure 1.12) [70,89-92]. However when the 

(MC-Metal ion) complex is exposed to white light illumination conditions, there is a 

larger population of the closed ring SP form generated, resulting in the release of the 

metal ion in the process [85]. Knowing this it is possible to develop a metal ion 

sensing system that can be externally and reversibly controlled with light, in a non-

invasive manner.   

 

Figure 1.12. General scheme showing the metal ion binding behaviour of spiropyran derivatives. 

UV irradiation causes the photo-cleavage of the C-O bond and isomerisation of the closed 

spiropyran form (top left, colourless) to the open merocyanine form (top right, strongly 

coloured). The reversible process occurs under white light irradiation or temperature. The 

merocyanine is thought to bind metal ions through the negative phenolate in a 2:1 ratio to metal 

ion (bottom centre, various colours depending on the metal ion). White light irradiation of the 
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metal complex causes the return to the original spiropyran form and release of the bound metal 

ion.  

 

There have been many studies done using spiropyran derivatives as metal ion 

chelators [93], where the majority of these have proven efficient for divalent metal 

ion sensing, such as Zn2+ [71,92], Co2+ [56,71,94], Cu2+ [56,71], Ni2+ [71,90], and 

Cd2+ [95]. Using divalent metal ions typically involves binding in a 2:1 ratio of MC 

unit to M2+, as two MC phenolate anions are required to bind to one divalent metal 

ion [95].  

Several research groups have attempted to increase the number of binding sites on 

the MC unit and achieve a 1:1 binding ratio (MC: M2+) by introducing an additional 

possible binding site at the C8 position of the benzopyran ring, including methoxy 

[56], allyl substituents [56], or by functionalising the indolic nitrogen with carboxylic 

acid [96], ester [97], or hydroxyl-terminated moieties [56].  However, the metal-

ligand interaction is usually weak enough to allow disruption of the complex by the 

photo-induced ring closing reaction. Therefore, SP derivatives can be used as 

reversible chelators for metal ions. Further discussion of how different divalent metal 

ions binding to the merocyanine and the effect on the physical properties observed 

can be found in Chapter 5.   

 

1.6 Soft Robotics 

 

To date hard robotics has failed to produce a device that could offer the properties 

largely found in biological systems such as: flexibility, self-repair of adaptability in 

changing environmental conditions that can be executed by the simplest of living 

organisms. In a bid to overcome these issues, soft-robotics is a new and interesting 

field of robotics that is inspired by the movements and function of biological systems 

by using soft-actuators to execute these movements. 

Whitesides et al. was among the first to take inspiration from the motion of the 

earthworm and developed elastomers that can mimic this motion by anisotropic 

contraction and expansion [98-100].  

Since then, there have been many studies that have proposed various materials for 

soft–robotics development. Among these, hydrogel systems, particularly stimuli-

responsive hydrogels are of interest, due to the ability of the hydrogel to undergo 
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large deformations in size and shape when exposed to the appropriate 

internal/external stimuli. Techawanitchai et al. [101] used two layers of different pH 

responsive hydrogels bound together via electrolysis; a poly acid (poly(N-

isopropylacrylamide-co-2-carboxyisopropylacrylamide) (p(NIPAAm-co-CIPAAm)) 

and a poly base layer (poly(N-isopropylacrylamide-co-N,N0-

dimethylaminopropylacylamide) (p(NIPAAm-co-DMAPAAm)). When this bilayer 

was exposed to UV light, the poly acid contracted and the poly base expanded. As 

they were bound to each other, this contraction and expansion generated a bending 

motion. However, the bilayers needed to be immersed in solutions of relevant pH 

prior to actuation. More recently an electro-driven walker has been created, where the 

walker’s legs were composed of a cationic co-polymer based on acrylamide (AAm)/ 

quaternized dimethylaminoethyl methacrylate (DMAEMA) and an anionic co-

polymer based on acrylamide/ sodium acrylate (NaAc). Upon electro-stimulation each 

leg moved causing the bipedal gel to “walk” in a unidirectional motion [102].  This 

field of soft robotics is still in its infancy and shows great potential for the stimuli-

responsive materials to mimic biological motions [103]. 

 

1.7 Aims of This Work 

 

The aim of this work was to realise a range of stimuli-controlled polymeric 

systems based on the spiropyran photo-switches. This was achieved by first 

developing photo-responsive hydrogels based on poly(N-isopropylacrylamide-co-

acrylated spiropyran-co-acrylic acid), p(NIPAAm-co-SP-co-AA) that could shrink on 

exposure to white light, and swell in the dark. A comprehensive study demonstrating 

the critical role of the polymerisation solvent on the morphology of this photo-

responsive hydrogel and the kinetics of actuation is presented in Chapter 3 of this 

thesis. 

In Chapter 4, using the same spiropyran-based photo-responsive hydrogel, clever 

structure and substrate design enabled the realisation of a hydrogel “walker”. When 

bipedal p(NIPAAm-co-SP-co-AA) hydrogel structures were placed onto a ratcheted 

surface, the actuation of the bipedal gel produced a walking motion by taking a series 

of steps in a given direction, as determined by the optimised design of the ratchet 

scaffold.  
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The next study (Chapter 5) investigates the metal ion binding capabilities of 

spiropyran polymeric brushes obtained via surface-initiated ring-opening metathesis 

polymerisation. Coating of glass micro-capillaries with these SP-brushes enabled the 

realisation of smart fluidic devices that can “sense” the metal ion solution passing 

through.  

The “Future Work” chapter illustrates the progress I have made thus far in the 

development of additional “Photo-responsive Systems based on Spiropyran” and will 

hopefully give the reader some insight into the exciting potential of this research.  
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2.1 Abstract 
	

Integration of stimuli-responsive materials into microfluidic systems provides a 

means to locally manipulate flow at the microscale, in a non-invasive manner, while 

also reducing system complexity. In recent years, several modes of stimulation have 

been applied, including electrical, magnetic, light and temperature, among others. To 

achieve remote control of flow in microfluidics using external stimulation, different 

approaches have emerged in the recent years. In the interest of this work, the control 

of flow through stimuli-induced actuation of microfluidic components (valves, pumps, 

mixers, flow sorters), most often fabricated from soft polymeric materials will be 

discussed. 

The focus of this chapter will be to identify and compare the similarities and 

underlying mechanisms employed in the current state of the art in stimuli-induced 

actuation for fluid control, offering an up-to-date view of this exciting research area.  

 

2.2 Introduction 

 

Since the onset of research into microfluidics during the 1990s, there has been much 

progress made in the generation and control of flow in micrometre-sized devices [1,2]. 

The aim of these tiny devices is to perform complex biological and chemical tasks on 

a single chip [3]. Advantages of this approach include a significant reduction in 

reactant volume (down to microlitres or even picolitres), parallel processing of 

multiple analytes, portability [4], multistage automation [5], single cell sampling[6] 

and manipulation [7]. Therefore, the potential for microfluidic devices is tremendous. 

Nevertheless, the microfluidics field is still very much in its infancy and a number of 

areas are constantly under heavy investigation, including micro-fabrication, 

component integration, device generalisation and fluid flow and control [8]. Despite 

considerable advances in recent years, fluid handling on microfluidic chips still relies, 

in many cases, on macroscopic external control boxes containing power supplies, high 

power sources, sensing elements and complicated control systems based on external 

computers and/or electronics [9]. While there are still many challenges facing this 
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field, there have been a number of revolutionary approaches, one of the most exciting 

of which is the incorporation of stimuli-responsive actuators within the fluidics, to 

achieve integrated fluid handling on-chip. This approach can result in flow 

control,[10,11] mixing,[12] flow sorting,[13] pumping[14] and even sensing 

components fully integrated into the microfluidics chip [15]. Recent exciting 

developments in stimuli-responsive materials, and particularly stimuli responsive 

polymers and surfaces make microfluidics a great platform for demonstrating the 

capabilities and highlighting the functionality of these materials [16,17]. Indeed, the 

microfluidic platform generally enhances the functionality of smart materials by 

offering faster kinetics and shorter reaction times due to increased surface to volume 

ratios; improved interfacial and chemical interactions; dominant surface tension and 

capillary effects and efficient absorption of electro-magnetic radiation. 

To-date, one of the main approaches to achieve flow control in microfluidic devices 

using stimuli-responsive materials is an indirect approach, where flow control is 

realized through stimuli-induced actuation of microfluidic components (valves, 

pumps, mixers, flow sorters), most often fabricated from soft polymeric materials or 

polymer thin films. Several examples in this space will be reviewed and discussed in 

this current chapter. 

 

2.3 Control of flow through stimuli-induced actuation of microfluidic 

components 

 

The most commonly used stimuli-responsive actuators in microfluidic devices are 

based on multilayer polymer films or soft polymer hydrogels. Although the actuation 

mechanism of these two classes is considerably different, they offer similar 

functionality to microfluidic devices through the generation of valves, pumps, flow 

sorters, filters and mixers[18].  

 

2.3.1 Multilayer Polymer Films  

 

Thin film actuators are based on a bilayer principle, in which two materials respond 

differently to a chosen stimulus[19]. Such bilayers are commonly comprised of a 

metal and conducting polymer, such as a gold/polypyrrole couple, where metal 
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cations are inserted into the polymer upon reduction and removed when the polymer 

is oxidised [20,21]. Depending on the doping regime in the conducting polymer, a 

positive bias usually generates the oxidised state, leading to an increase in volume. 

Application of a negative bias can then result in actuation of the material. The 

oxidation rate of the polymer can be controlled by variation of the applied voltage. 

These properties result in a wide variety of applications for conductive polymer 

actuators, such as artificial muscles[22], biomedical devices[23], microfluidics[24]  

and novel actuators[25-27]. A pertinent example by Smela et al.[21] demonstrates an 

electrochemically driven conducting polymer bilayer, based on a doped 

gold/polypyrrole bilayer fabricated via reactive ion etching (RIE) (shown in Figure 

2.1), which can be used as a hinge to move silicon plates.  

 

 

Figure 2.1. Manufacture schematic: (i) patterned etch mask applied for RIE, (ii) RIE etch to 

define SI plates, (iii) deposit of SiO2, (iv) deposit of Cr and Au, (v) deposit and pattern of PPy, 

(vi) pattern of Cr and Au, (vii) finished etching, (viii) free plates and hinge by etching SiO2 

(Adapted from Smela et al. [21]). 

 

The actuation speeds and lifetime of these Au/PPy-DBS electroactive bilayer 

hinges, which operate in a voltage range of 0 to -1 V, are extremely reliant on the 

thickness of the bilayer, and hindered by the possibility of delamination. These 

disadvantages were significantly outweighed by the high strength, low required 

voltage and the control of actuation observed (Figure 2.2). Such actuator hinges are 
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envisioned for lab-on-a-chip applications where they can be used to control sealable 

lids over silicon etched cavities to capture cells.  

 

 

Figure 2.2. Schematic image of Si plate rotating on PPy/gold hinges; a) Bilayer PPy is 

reduced, plate lies flat. B) Bilayer PPy is partly oxidized, plate rotates out of the plane. (the 

electrochromic PPy is oxidised in both) (Adapted from E. Smela [28]). 

 

The scope of this research has been further developed with alternative materials to 

broaden potential applications in microfluidic devices, in the work undertaken by 

Tanaka et al.[29]. They report an electroactive polymer-based micro-stop valve 

occupying a small space on a microchip. This valve was achieved by taking advantage 

of the controlled deformation of the electroactive polymer by an applied voltage. The 

valve, created by positioning the electroactive polymer film membrane between two 5 

µm thick soft electrode sheets, were placed on top of a 500 µm glass microchannel 

using a silicon rubber diaphragm (Figure 2.3). The flow in the microchannel produced 

by constant pressure from a microfluidic controller (under 4.0 kPa) was completely 

stopped within 1s by applying an electric field of 60 V/µm.  
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Figure 2.3. Design and working principles of the stop valve incorporated into the microfluidic 

chip. (Adapted from Y. Tanaka et al.[29]). 

An alternative microfluidic actuator has been developed using a hybrid device 

consisting of an electroactive polymer within an electro-adaptive microfluidic (EAM) 

system. Recent investigations resulted in an EAM device which consisted of a five 

layer acrylic dielectric elastomer (VHBTM tape), single walled carbon nanotubes 

(SWCNT) and a 60 µm casting layer of PDMS to protect the electroactive polymer. A 

microfluidic channel made of PDMS, as seen in Figure 2.4, was attached to the 

electroactive polymer by oxygen plasma bonding. This multi-layered actuator allowed 

for modulation of the shape and dimensions of a microfluidic channel with the applied 

bias voltage, and a consequence permitted fluidic resistance alteration. This type of 

hybrid device can combat clogging issues in microfluidic systems, used for self-

clearing channels, or provide design flexibility via tunable channel geometries [30].  

 

 

Figure 2.4. Overview of the fabrication steps involved for the electro-adaptive microfluidic 

system, including electrode deposition onto the VHB acrylic elastomer, stacking of these 

actuators, casting of the PDMS passive layer, activating the PDMS substrate and passive 

layer via air plasma followed by bonding them, and reinforcing the inlet by casting a short 

PDMS strip over the inlet. (Adapted from C. Murray et al. [30]). 

 

2.3.2 Soft actuators – Hydrogels 

 

Hydrogels are an alternative to thin films, considerably more exploited in 

microfluidics, mainly due to their ease of fabrication and integration and also to their 

compatibility with aqueous media[13,18,31,32]. Due to the hydrophilic character of 

hydrogels, strong associative interactions between polymer chains and water 
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molecules occur, resulting in a high degree of water absorption (up to 95% of total 

mass)[13,33]. As the swelling of the hydrogel is a diffusion-controlled process, the 

microfluidic systems provide an ideal platform to demonstrate hydrogel functionality, 

as the micro/nanoscale dimensions considerably reduce water and the diffusion 

pathlengths, thereby improving actuation kinetics that in some cases can reduce 

hydrogel response time from hours to seconds [34,35]. 

The capability of a hydrogel to absorb water can be altered through the introduction 

of competitive hydrophobic segments inside the hydrophilic network. These 

hydrophobic segments facilitate polymer-polymer interactions, causing the polymer to 

collapse and expel water molecules. Thus, the capacity of a hydrogel to absorb water 

relies on competing polymer-polymer and polymer-water interactions which are 

strongly dependent on the ratio of hydrophilic to hydrophobic segments present in the 

macromolecular network. When the hydrophilic interactions dominate, the polymer 

interacts with the surrounding water molecules through hydrogen bonds and the 

hydrogel swells due to water ingress (Figure 2.5(a)). Conversely, when hydrophobic 

interactions dominate, the polymer-polymer interactions are increased, causing the 

hydrogel to shrink (Figure 2.5(b)). Therefore, by varying the ratio between the 

hydrophobic/hydrophilic segments inside the macromolecular network, the 

shrinking/swelling behaviour of the hydrogel can be easily controlled (Figure 5). 

Conveniently, the hydrophilic/hydrophobic character of many polymers and 

chemical groups can be altered by applying different stimuli, such as temperature, pH, 

electric fields or light, among others [36,37]. 

 

Figure 2.5. Scheme showing the reversible shrinking and swelling of a hydrogel based on 

dominant hydrophilic (left) or hydrophobic (right) interactions, respectively.  
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pH responsive hydrogel systems have multiple potential applications in the 

biomedical[38], environmental[39] and drug delivery fields[40,41]. pH responsive 

hydrogels change volume when exposed solutions of differing pH. Such polymeric 

materials are generally composed of monomeric units which carry an acidic or basic 

group in their structure; such as carboxyl or amine groups. The effective pH is 

determined by the pKa of the pH responsive sensing material within the hydrogel. 

Around this pH, the responsive material will ionize through 

protonation/deprotonation, resulting in an alteration of charge on the polymer chain 

and thus causing a change in the balance of polymer/water – polymer/polymer 

interactions thereby modulating the physical size of the hydrogel.  A variety of pH 

responsive hydrogels have been developed to date, based on maleic anhydride (MA), 

methacrylic acid (MAA), N,N-dimethylaminoethyl methacrylate (DMAEMA)  or 

acrylic acid (AA), among others [42,43].  

Beebe et al. [13] found that by clever design, a dual hydrogel system can 

simultaneously sense a chemical environment change and control the direction of 

flow. In this work, the hydrogels were composed of poly(2-hydroxyethyl 

methacrylate–co–acrylic acid) (p(HEMA-AA)) and poly(2-hydroxyethyl 

methacrylate-co-(dimethylamino)ethyl methacrylate) (p(HEMA-DMAEMA)) and 

were used to control the direction of the flow based on the pH of the fluid passing 

inside the channel (Figure 2.6). The acrylic acid based hydrogel (p(HEMA-AA)) 

expands at pH values above the pka of AA (pH=6.7 and pH=7.8 cases, Figure 2.6) due 

to the presence of charged COO- moieties. Conversely, at pH values below the pka of 

AA (pH=4.7 case, Figure 2.6) the p(HEMA-AA) hydrogel is in its contracted state. 

Simultaneously, the p(HEMA-DMAEMA) hydrogel, which contains pendant tertiary 

amine groups (DMAEMA, pka=7) will be in its contracted state above pH 7, due to 

the presence of nonionised DMAEMA moieties (pH=7.8 case, Figure 2.6), and in the 

expanded state below pH 7 (pH=4.7 and pH=6.7 cases, Figure 2.6) due to the 

presence of protonated, hydrophylic amine groups. Therefore, at pH 4.7 (Figure 2.6a), 

the flow is directed down the right branch as the p(HEMA-DMAEMA) hydrogel on 

the left is in its expanded state while the p(HEMA-AA) hydrogel is in its contracted 

state. Oppositely, at pH 7.8 (Figure 2.6c), the p(HEMA-AA) hydrogel on the right 

expands to the walls of the channel constricting fluid flow while the p(HEMA-AA) 
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hydrogel on the left is contracted resulting in the flow being directed down the left 

channel. When the pH of the solution is ~6.7 (Figure 2.6b),  both hydrogels expand 

blocking the channels and preventing any fluid flow. This work resulted in the 

successful demonstration of a “self-regulated flow sorter”. 

 

 

Figure 2.6. A microfluidic device demonstrating pH sensitive hydrogels working as a pH flow 

sorter; (a) flow of pH 4.7 is directed to the right as the p(HEMA-AA) hydrogel is in its 

contracted state while p(HEMA-DMAEMA) hydrogel is in its expanded state at this pH; (b) 

the flow is prevented due to the expansion of both hydrogels at pH 6.7; and (c) the flow is 

directed to the left due to the contraction of the p(HEMA-DMAEMA) hydrogel and p(HEMA-

AA) hydrogel expansion at pH 7.8 (Adapted from Beebe D. et al. [13]). 

In the same study a second microfluidic system was created, using the same pH-

responsive materials (acrylic acid, 2-hydroxyethyl methacrylate and ethylene glycol 

dimethacrylate) to work as a shut off valve to control flow. The shut off valve design 

was composed of an upper and lower section, separated by a conformable membrane, 

with the hydrogel occupying the upper area and an aqueous solution occupying the 

lower area. When the hydrogel was exposed to solutions of varied pH, expansion or 

contraction was observed. The hydrogel expansion resulted in the application of 

sufficient pressure being placed on the deformable membrane to cause it to close the 

channel below, thus blocking the flow (Figure 2.7).  

 

 

X
pH	=	4.7 pH	=	6.7 pH	=	7.8
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Figure 2.7. Schematic illustration and working mechanism of the shut-off valve; a) Diagram 

of the shut-off valve; b), c) top and side view, respectively, showing hydrogel expansion, 

deforming the membrane and blocking flow in the adjacent channel; d), e) top and side view, 

respectively, showing hydrogel contraction, causing the membrane to return to the initial 

position and allowing fluid to flow. (Adapted from Beebe D. et al. [13]). 

 

2.3.4 Thermo-induced Actuation 

 

Thermo-responsive materials have greatly impacted research into actuating 

materials with many possible applications such as drug delivery[40,43,44], 

chromatography techniques [45], biomedicine [46-48] being explored. 

The thermo-response arises from a shift in the hydration forces which occur 

between the polymer chains and the aqueous medium, at temperatures close to the 

lower critical solution temperature (LCST) of a polymer [49]. At temperatures below 

the LCST the dominant interactions taking place are hydrogen bonding between the 

hydrophilic sections of the polymer chain and water. This results in water uptake and 

the polymer chains are elongated with negligible internal stresses. When the polymer 

is in a temperature environment above the LCST, hydrophobic polymer-polymer 

interactions become dominant and hydrogen bonding and hydrophilic interactions 
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weaken, resulting in aggregation of the linear chains into a globular form, due to 

expulsion of water with a concomitant decrease in the physical size of the hydrogel 

[50]. An important consideration for a thermo-response is the presence of both 

hydrophilic (i.e. amide, carboxyl etc.) and hydrophobic (i.e. alkyl, aryl etc.) groups in 

the polymer structure. Some of the most studied thermo-responsive materials include 

poly(N-isopropylacrylamide) (p(NIPAAm))[43,48,50], and copolymers such as 

poly(2-(2-methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol)methacrylate) 

[51]. 

pNIPAAm hydrogels exhibit a negative volume change in response to increase in 

temperature, i.e., the pNIPAAm hydrogels shrink as the temperature increases above 

the LCST associated with the volume phase transition. Below the LCST (32 °C), the 

pNIPAAm polymer chains are soluble in water. Above the LCST, they become 

increasingly hydrophobic and insoluble, leading to precipitation. The thermal 

transition of pNIPAAm hydrogels is generally considered to be a competitive result of 

the hydrophobic interaction of pendant isopropyl groups and polymer segments 

(polymer-polymer interactions) and the hydrogen bonding association between amide 

groups and water molecules (polymer-water interactions).  

pNIPAAm gels are being increasingly used in microfluidic systems as microscale 

valves. Two possible valve systems containing pNIPAAm gels have been produced by 

Wang et al. [52] which require no mechanical parts and exhibit minimal dead volume. 

The first example shows gel actuators which were fabricated outside the channel and 

compressed into a 1.2 mm diameter Teflontm tube (Figure 2.8a).  

Following this, the Teflontm tube was placed on a heater (58 °C), causing valve 

contraction, thereby opening the tube and allowing for the flow of fluid. The closing 

time of the hydrogel valve was about 4.5 s, and it was found to be independent of the 

plug’s length as it relies on the local swelling of the upstream end of the gel plug. 

Average opening times were 5 s and 12 s, when the hydrogel length was 300 µm and 

1500 µm, respectively. This size dependency is due to the fact that the entire length of 

the gel plug must de-swell, and the excess water must be expelled through the gel’s 

length, before the fluid can flow through the tube. A second design was fabricated 

(Figure 2.8b), in order to improve valve performance and tolerance.  

 



  

 

 54 

 

Figure 2.8. Schematic illustration of the pNIPAAm thermo-responsive hydrogel valve; (a) 

shows the hydrogel plug confined in the Teflon tube under free conditions and when 

compressed by two stainless steel rods that fit into the Teflon tube; (b) shows the side and top 

views of the valve when incorporated into a polycarbonate microfluidic devices at 

temperatures above (valve open) and below (valve closed) the critical temperature (Tc). 

Adapted from J. Wang et al. [52] 

One important advance in this field is the in-situ polymerisation of hydrogels within 

microfluidic devices. In the work by Giger et al. [33], a p(NIPAAm) based polymer 

matrix was photo-polymerised using UV-light within an injection-molded channel. 

The thermal response was investigated for both on and off-chip actuation. Off-chip 

actuation involved the manual movement of the device on/off an aluminium hot plate 

set at 45 °C. On-chip actuation was made possible through the use of “on-chip” 

micro-heaters. In both cases, when the heat supplied to the systems reached a 

temperature at or above the LCST of p(NIPAAm), the polymer matrix contracted in 

volume, and the off-chip and on-chip opening times were ~3 s. Off-chip reclosing of 

the channel took ~20 s compared to ~5 s for on-chip reclosing. The results 

demonstrate that incorporation of micro-heaters into the microfluidic device can 

enable fast actuation and successful repeatability when compared to the manual off-

chip method [33]. Recently this ability to use thermo-responsive hydrogels in 

autonomous microfluidic systems with little or no human intervention has been 

further improved through the work of Agarwal et al., [53] through their work on 

“autonomously-triggered on-chip microfluidic cooling devices”.  They integrated a 

thermally-responsive polymer material at the axle of a nickel impeller with the 

purpose of controlling the impeller rotation autonomously. This study employed 

p(NIPAAm) as the thermally-sensitive actuation material in a microfluidic system 
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which comprised micro-channels, an on-chip cooling reservoir, an external heater and 

an external magnetic stirrer (Figure 2.9). At temperatures above the LCST, the 

polymer material contracted, enabling the rotation of the impeller and allowing fluid 

flow from the reservoir to cool the system. The opposite phenomenon was observed 

below the LCST, when expansion of the hydrogel prevented the Ni impeller from 

rotating. Integration of this thermo-responsive hydrogel into the aforementioned 

system as an actuator therefore provides the basis of autonomously-triggered on-chip 

microfluidic cooling device that could have applicability in a number of scenarios 

where on-chip temperature control and regulation is necessary. 

 

 

Figure 2.9. (a) Schematic illustration of the autonomously-triggered on-chip microfluidic 

cooling device. The dashed blue line and arrows show the pathway of the fluid as it is pumped 

and recirculated through the microchannels; (b) Cross-section of the device showing the 

device components; when the temperature of the heater is 32 °C, the hydrogel contracts and 

the Ni impeller rotates, pumping and recirculating cool water. Oppositely, when local 

temperatures drop below 32 °C, the hydrogel expands stopping the Ni impeller from rotating. 

(Adapted from Agarwal A. K. [53]). 
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2.3.5 Photo-induced Actuation 

 

Light-driven responsiveness in polymers is normally achieved through the inclusion 

of a photochromic molecule, either by non-covalent doping or covalent attachment. 

When the photochromic unit is exposed to light of specific wavelengths[54-58] it 

exhibits an isomerisation change between two or more isomers that can have 

dramatically different properties (e.g. polarity, hydrophilic/hydrophobic character, 

geometry and charge density), that in turn can affect the properties of the surrounding 

polymeric matrix. Many photochromic molecules have been studied, but three of the 

best-known are spirobenzopyrans (SP) [54-56,59,60], azobenzenes[61,62], and 

diarylethenes[63], all of which show reversible photochromic behaviour, transforming 

from one isomer to another when exposed to different wavelengths of light. Much 

research has been carried out into optimising the photo-response of these materials 

when incorporated into hydrogel matrices, for exploitation in microfluidic systems as 

valves, pumps, mixers and alternating the topography of surfaces[64-67]. In addition 

to the development of the materials themselves (e.g. for optimisation of the photo-

response kinetics), various polymerisation strategies have been investigated to enable 

the generation of precise micro-structures. Amongst them, the use of micropatterened 

light irradiation[68] enables specific hydrogels of different shapes and sizes to be 

polymerised using pre-designed photo-masks.  

Sugiura et al. [69] first reported the use of photo-responsive hydrogels based on 

pNIPAAm as microfluidic integrated valves in acidic environments. The microfluidic 

platform presented was made of PDMS composed of three adjacent micro-channels, 

each with a micro-pillar around which the photo-responsive hydrogel was 

polymerized (Figure 2.10). Using three micro-channels in parallel, enabled individual 

valve actuation without the interference of adjacent channels to be demonstrated. The 

polymer material was p(NIPAAm) functionalised with a spirobenzopyran (SP) 

chromophore, photo-polymerised in situ around the micro-pillars to form micro-

valves (Figure 2.10). In the dark, when SP-functionalised p(NIPAAm) is exposed to 

acidic conditions (e.g. pH 2-3), the following interactions occur: (1) the less 

hydrophilic colourless SP will transform to the more hydrophilic protonated, yellow 

coloured merocyanine (MC-H+); (2) this triggers a conversion of the gel to a more 

hydrophilic configuration in which polymer-water interactions dominate; (3) the 
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pNIPAAm-co-SP hydrogel expands as more water is drawn in through diffusion.  

When exposed to visible light, the hydrogel material contracts, as the MC-H+ isomer 

reverts to the SP form, triggering precipitation of the pNIPAAm chains and expulsion 

of water from the gel. 

 

To enable reversible actuation of this material, the hydrogel required an acidic 

environment (0.05 mM HCl). Each valve was tested separately and a reduction of 

52% in diameter was obtained within 18-32 s of light irradiation. After a total of 120 

s, the gel had contracted by 68% of the initial diameter due to photo-induced 

dehydration of the polymer chain. Although the shrinking response was fast, the 

reswelling of the gel needed more than one hour, in the 0.05 mM HCl solution [60,68-

72]. 

 

Figure 2.10. Illustration showing three parallel micro-channels each containing a photo-

polymerised hydrogel valve; individual valve actuation can be achieved without interference 

with adjacent valves. (a) channels before valve photo-actuation, (b) during photo-actuation 

and (c) represents the channel after photo-actuation (Adapted from Sugiura et al. [69]). 

 

In order to improve the response time of p(NIPAAm-co-SP) hydrogels, ionic liquids 

(ILs) were introduced as plasticizers. Four different novel ionogels were used as 
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photo-actuated valves in microfluidic manifolds. The spiropyran-functionalised 

ionogels were composed of pNIPAAm and phosphonium-based ionic liquids. The 

ionogels were photo-polymerized in situ, in micro-channels of a poly(methyl 

methacrylate) (PMMA) microfluidic device. Varying the ionogel composition meant 

that only one source of light was required for actuation (Figure 2.11). The response 

and visible contraction observed was very fast (seconds), while the re-expansion 

remained relatively slow (minutes). As each gel opened the channel at different times, 

such device allowed independent control of multiple micro-valves. In this work, it was 

found that the anion present in the ionic liquids directly affected the photo-

responsiveness of the ionogel and thus the actuation behaviour; i.e. the actuation 

kinetics could be controlled to an extent by varying the anion of the phosphonium IL, 

with the [NTf2]- exhibiting the fastest reponse. Although it was possible to reuse these 

valves, their long reswelling times and requirement for an acidic environment (0.1 

mM HCl) made them a more appropriate candidate for single use devices [73]. 

 

 

Figure 2.11. Illustration showing the performance of the ionogel micro-fluidic valves; a) 

micro-valves composed of the different ionogels are expanded and the valves are closed 

before light irradiation. b)-d) depending on the anion incorporated inside the ionogel, each 

valves opens after different times of light irradiation. (Adapted from Benito-lopez et al [73]). 

Ziółkowski et al.[66] demonstrated an acrylic acid (AA) moiety incorporated into 

the backbone of p(NIPAAm-co-SP) could provide an internal source of protons, 

enabling photo-responsive hydrogel behavior at neutral pH (Figure 2.12). This is 

because in the dark, at neutral pH, acrylic acid (pKa ~ 4.2) dissociates and the H+ is 

used to spontaneously protonate MC (pka~6-7) to MC-H+. Hence, in the absence of 



  

 

 59 

light, the gel will become populated with MC-H+ and –COO- groups, considerably 

increasing the gel hydrophilicity, and triggering gel swelling due to water ingress. 

Conversely, when MC-H+ is converted to the SP form under white light irradiation 

(Figure 2.12), it is believed that the localised pH decrease, causes the protons released 

from MC-H+ to migrate back to the acrylate anions in the polymer, as they are now 

the strongest base present (–COOH pKa ~ 4.2 compared to SP pka ~ 2.3). Protonation 

of the acrylate –COO- anions and simultaneous formation of uncharged SP induces a 

much more hydrophobic gel character, causing the pNIPAAm based polymer to 

collapse and water is expelled. Therefore, during swelling and contraction cycles, 

protons migrate between these sites, as shown in Figure 2.12. This study also 

investigated optimal acrylic acid: monomer ratio in the polymer, for improved light-

induced volume changes. The study showed that these acrylic acid/spiropyrans 

modified gels (p(NIPAAm-co-SP-co-AA) could be used to make photo-controlled 

valves in a microfluidic system without the need for an acidic environment for 

reswelling [66].  

In a related development, Dunne A. et al. [54] showed that the polymerisation 

solvent used can have a dramatic impact on the gel morphology, which also affects 

the light-induced actuation behavior of the resulting hydrogel. 

Building on this research, Schiphorst J. et al. [67] further improved the actuation 

kinetics by varying the side chain on the spiropyran derivative. The improved 

formulation was then polymerised in-situ in a microfluidic channel to create a valve 

structure and exposed to blue light. Upon photo-exposure for 1 min the hydrogel 

valves contracted, opening the micro-channel and allowing fluid to flow. When the 

light was removed, the hydrogel expanded, once again blocking the channel (Figure 

2.13). This process was seen to be successfully repeatable for several actuation cycles. 

This type of photo-actuation offers a scalable, reversible and non-invasive form of 

control in microfluidic devices, which requires no direct contact with the material.  
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Figure 2.12. Representation of the proton exchange in the p(NIPAAm-co-SP-co-AA) 

hydrogels, between the acrylic acid and the spiropyran moieties together with the effect of 

white light irradiation; (right) more hydrophilic chains containing the protonated, yellow 

coloured merocyanine (MC-H+); left: less hydrophilic chains obtained after white light 

irradiation due to the conversion of MC-H+ to the hydrophobic SP form;  

 

Figure 2.13. Photo-induced hydrogel valve actuation showing fluid flow modulation in a 

micro-channel; (left) p(NIPAAm-co-SP-co-AA) hydrogel is expanded and valve is closed; 

(middle) application of blue light; (right) hydrogel contracts upon light irradiation and valve 

opens allowing fluid to flow. (Reproduced from [67]). 
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2.3.6  Magneto-induced Actuation 

 

Another mode of stimulation used to control stimuli-responsive hydrogels in 

microfluidics is the application of a magnetic field.  Hydrogels responsive to magnetic 

stimuli can be created by replacing the polymerisation solvent with a colloidal 

solution that contains nanometer to micrometer scale magnetic particles. Examples 

include magnetorheological fluids or Ferro fluids [74]. When a magnetorheological 

fluid is exposed to a magnetic field, its viscosity will increase, directly affecting the 

mobility of the polymer chains and the shape of the hydrogel. Magnetic stimulation 

has shown to work best when coupled with a thermally responsive polymer, such as 

p(NIPAAm) based hydrogels. After incorporation into a pNIPAAm hydrogel, the 

magnetic particles adhere directly to the polymeric network. When these hydrogels 

are exposed to an Alternating Magnetic field (AMF), the magnetic particles begin to 

heat up, directly affecting the pNIPAAm polymer. When the temperature increases to 

above the pNIPAAm LCST , the hydrogel transitions to the less hydrophilic state, 

resulting in water expulsion and hydrogel volume contraction [75]. (Figure 2.14) 
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Figure 2.14. Schematic showing collapse of the hydrogel with the application of AMF, 

opening the valve. Adapted from N.S. Satarkar et al. [75]. 

 

Similarly, Ghosh et al. [76] has successfully demonstrated a magnetic-responsive 

ON/OFF system to control flow. The polymer material was composed of a 

p(NIPAAm) based hydrogel incorporating ferromagnetic nanoparticles (Fe3O4). Using 

oscillating magnetic fields a hydrogel contraction of ~80% was seen within 3 s of the 

magnetic field being applied. This study is consistent with the general rule that 

smaller scale hydrogel structures improve the kinetics of the actuation response.  Most 

recently Hohlbein et al. have also presented a concept for on-demand self-healing 

elastomeric composites. Here, the magnetic nano-particles of different size, shape and 

composition were employed to act as nano-heaters, driven by a high-frequency AMF. 

This on-demand effect required very short times in order to ‘self-heal’ the elastomer, 

restoring its original shape [77]. 

 

Among the stimuli-responsive materials proposed for microfluidic applications 

described above, several advantages and disadvantages can be mentioned for each. 

For example, one great advantage of pH-responsive materials is their internal response 

to the pH of the solution flowing inside the microchannel, without external 

intervention. Therefore, there is no need for the addition of external specialised 

equipment to control the actuation of such materials, as their response relies on 

localised pH changes. A disadvantage of pH-responsive materials however, is the 

specific working pH range (typically 3-5 pH units), meaning that they are non-

universal and have to be designed towards a specific application.  

Thermo-responsive materials on the other hand, commonly exhibit fast response 

times and are generally independent of the working solution. However, they require 

external heating elements, which represents a significant hurdle for integration. 

Moreover, the increase in temperature can affect the surrounding solution and this can 

become problematic for biomedical applications, for example. 

It could be then proposed that photo-responsive materials are possibly the most 

applicable for integration in microfluidic devices, primarily due to the nature of their 

autonomous (non-contact, external) actuation and the ease of integration of LED light 
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sources in the microfluidic device, if desired. This permits selective actuation of 

individual photo-actuators with minimal energy consumption.  

 

2.4 Conclusions and Outlook  

 

We believe that the use of stimuli-responsive materials in microfluidics forms the 

core of autonomous microfluidic-based analytical devices, which are of considerably 

lower cost compared to their etched silicon (glass) counterparts, more biomimetic in 

nature and offer increased adaptability.  Although this chapter is focused on the use of 

stimuli-responsive materials for fluid movement at the microscale, it gives an insight 

into how the incorporation of such materials into microfluidics can allow for 

additional tasks beyond the transport of reagents or samples. 

In living organisms, the fluidics system (e.g. cardiovascular system) performs 

multiple complex functions (e.g. sensing, detection, repair, waste removal; pH and 

temperature stabilization) in addition to the transport of fluids. Such characteristics of 

biological systems could be transferred into microfluidics through the creative use of 

adaptive materials and chemistries, to enable fundamental breakthroughs in chem/bio-

sensing device performance. However, the future of biomimetic microfluidics relies 

on convincing demonstrators and their application in real scenarios where advanced 

functions such as autonomous fluid handling, sensing, detection and repair of damage, 

self-management and healing, could be demonstrated. 
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3.1 Abstract 

 

Photo-actuator hydrogels were generated using a N-isopropylacrylamide-co-

acrylated spiropyran-co-acrylic acid (p(NIPAAm-co-SP-co-AA)) copolymer, in 100-

1-5 mole ratio. Different ratios of deionised water: organic solvent (tetrahydrofuran, 

dioxane and acetone) were used as the polymerisation solvent. By changing the 

polymerisation solvent, the pore size and density of the hydrogels were altered, which 

in turn had an impact on the diffusion path-length of water molecules, thus 

influencing the swelling and photo-induced shrinking kinetics of the hydrogel. We 

successfully demonstrated that the polymerisation solvent has a significant effect on 

the curing time, the elasticity and morphology of the resulting hydrogel. The highest 

shrinking ratio was obtained in the case where 4:1 acetone: deionised water was used 

as the polymerisation solvent, with the hydrogel reaching 39.56% (±2.37% (n=3)) of 

its hydrated area after 4 min of white light irradiation followed by reswelling in the 

dark to 61.95% (±5.76% (n=3)) after 11 min. Conversely, the best reswelling 

capabilities were obtained for the hydrogels polymerised in the presence of 1:1 

tetrahydrofuran: deionised water, when the shrunk hydrogel (61.73±0.26% (n=3)) 

regained 91.31% (±0.22% (n=3)) of its original size after 11 min in the dark. To our 

knowledge, this is the largest reported photo-induced area change for self-protonated 

spiropyran containing hydrogels. The shrinking/reswelling process was completely 

reversible in DI water with no detectable hysteresis over three repeat irradiation 

cycles. 

 

3.2 Introduction 

 

Hydrogels can be defined as three dimensional polymer matrices which are able to 

hold large quantities of water in relation to their size[1]. In recent years hydrogels 

have been used in a number of different applications such as diagnostics and 

therapeutics [2,3] tissue engineering [4], wound dressings [5] and drug delivery [6-8], 

microfluidics[9], among others[10,11]. Stimuli-responsive hydrogels in particular 

have gained increasing attention over the last decade due to their responsive nature 

towards internal or external stimuli, with little or no human intervention [9,12]. By 

incorporating stimuli-responsive units in their structure, hydrogel actuators can be 
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developed, that respond to a variety of stimuli such as light [10,11,13,14], pH 

[10,15,16], electric [10,11] or magnetic fields [10,11,17] and temperature 

[10,11,16,18]. Amongst these, photo-responsive materials are particularly attractive as 

they can be actuated externally, in a non-invasive, non-contact manner. 

In recent years, photo-responsive hydrogels reported in the literature have been 

overwhelmingly focused on crosslinked copolymers of N-isopropylacrylamide 

(NIPAAm) with spiropyran photochromic derivatives. One disadvantage of this 

approach was the need for an external acidic environment (typically 10 mM HCl) to 

ensure protonation of the spiropyran (SP) to the protonated merocyanine (MC-H+) 

form. The MC-H+ form is more hydrophilic compared to the SP form, and its 

formation triggers swelling of the gel. When irradiated with white/blue light (λmax 

MC-H+= 422 nm)[19,20], the MC-H+ form is converted back to the more hydrophobic 

SP form and the free protons diffuse into the external environment. Simultaneously, 

the polymer network collapses into the compact globular form, the water is expelled, 

and the hydrogel contracts. In order to induce re-swelling, the hydrogel had to be 

immersed again in acidic environments to drive formation of the protonated 

merocyanine [14,20,21]. Additionally, the re-swelling times were long, typically up to 

several hours[14,19,20]. These disadvantages restricted p(NIPAAm-co-SP) photo-

actuated hydrogels to single-use applications.  

Recently, we reported that the addition of acrylic acid (AA), which, when 

copolymerised within the hydrogel, provides an internal source of protons for 

reversible hydrogel photo-actuation in neutral pH environments[22,23]. The addition 

of the AA comonomer successfully removed the requirement for external acidic 

conditions and expanded the working range of the photo-actuator to between pH 2 - 

pH 7, making it suitable for a wide variety of biological applications. However, the 

prolonged shrinking and reswelling times (20 min of white light irradiation to reach 

~82% of its fully hydrated size followed by 60 min in the dark to achieve reswelling 

up to 98%) [22], constituted significant limitations for application of these photo-

actuators.  

In order to improve the shrinking/swelling kinetics of hydrogels, several approaches 

have been undertaken including 1) the introduction of novel materials such as ionic 

liquids to tune the overall hydrophilicity/hydrophobicity of the gel network [24-26] or 
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2) the use of pore-forming agents to create highly porous gels with shorter average 

pathlengths for water diffusion [27,28].   

Alternatively, hydrogel actuation can be controlled through variation of the 

photochromic unit itself, through the use of electron withdrawing or electron-donating 

substituents [20,21].  

The polymerisation solvent has also been shown to directly influence the 

morphology of hydrogels, by producing hydrogels with differing degrees of porosity 

[29-32].  

In this study, photo-actuator hydrogels were generated using a N-

isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid (p(NIPAAm-co-SP-co-

AA)) copolymer, in a 100-1-5-mole ratio. In order to allow for control of the photo-

induced shrinking and reswelling times of the hydrogels, different ratios of DI water: 

organic solvent (tetrahydrofran (THF), dioxane and acetone) were used as the 

polymerisation solvent. Varying the organic solvent, and the volume ratio of the 

solvent mixtures resulted in hydrogels with varying porosity, which in turn has 

affected the physical and mechanical properties, swelling/shrinking degree and photo-

actuation kinetics of the hydrogel system.  

 

3.3 Experimental 

 

3.3.1 Materials and Methods 

 

N-isopropylacrylamide 98% (NIPAAm), N,N’-methylenebisacrylamide 99% 

(MBIS), phenylbis(2,4,6 trimethyl benzoyl) phosphine oxide 97% (PBPO), acrylic 

acid (180-200ppm MEHQ as inhibitor) 99% (AA), were acquired from Sigma 

Aldrich, Ireland and used as received. 1’,3’,3’-Trimethyl-6-acryloylspiro(2H-1-

benzopyran-2,2-indoline) (SP-A) was synthesised as described elsewhere[22]. 

 

3.3.2 Single-Crystal X-ray Diffraction 

 

Crystals of SP-A, suitable for Single-Crystal X-ray Diffraction, were grown by 

slow diffusion from hexane: ethyl acetate (8:1). The structure was solved and refined 

using the Bruker SHELXTL Software Package, with a P21/c space group, for Z = 4. 
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The final anisotropic full-matrix least-squares refinement on F2 with 238 variables 

converged at R1 = 6.29%, for the observed data and wR2 = 17.36% for all data. The 

goodness-of-fit was 1.029. The molecules were observed to pack in a head-to-tail 

manner, as shown in Fig. A1, with strong π-π interactions between adjacent 

benzopyran and indoline portions of neighbouring molecules. 

 

3.3.3 Gel Preparation 

 

For hydrogel synthesis, the monomeric cocktail consisted of 200 mg NIPAAm, 8.17 

mg MBIS (3 mol% relative to NIPAAm), 6.09 mg SP-A (1 mol% relative to 

NIPAAm), 7.34 mg PBPO (1 mol% relative to NIPAM) and 6.03 µL AA (5 mol% 

relative to NIPAAm) dissolved in 500 µL of the polymerisation solvent (4:1, 2:1 and 

1:1, respectively, vol: vol, organic solvent: DI water). Circular hydrogels were 

prepared in a home-made cell consisting of a 1H,1H,2H,2H-perfluorodecyltriethoxy 

saline functionalised glass slide and a glass cover slide separated by a 250 µm high 

spacer made out of poly(methyl methacrylate)/pressure sensitive adhesive 

(PMMA/PSA)(Fig. A1.2). The cell was filled by capillary action with the monomer 

solution and subsequently exposed to white light through a photo-mask consisting of 

1 mm diameter transparent disks. The polymerization time was 20-30s, depending on 

the polymerization solvent mixture employed. The white light source used was a 

Dolan-Jenner-Industries Fiber-Lite LMI LED lamp having two gooseneck 

waveguides placed at a distance range of 1 to 2 cm from the platform. The light 

intensity measured with a Multicomp LX-1309 light meter was 320–337 kLux. After 

polymerisation, the obtained circular hydrogels were washed gently with ethanol and 

DI water to remove any unpolymerised materials and allowed to swell in deionised 

water for 4-6 hours to ensure full hydration.  

 

3.3.4 Rheology 

 

Rheology curing measurements were performed on the unpolymerised cocktail. The 

measurements were carried out on an Anton Paar MCR 301 rheometer using a CP50-

2 tool with a diameter of 49.97 mm and a cone angle of 1.996°. White light curing 

was initiated after 60 s with a light intensity of 200-225 kLux at 25°C. Rheology   
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studies of the hydrated gels were done using the PP15 parallel plate tool of 15 mm 

diameter. For this, amplitude sweep tests were carried out at a 100 rad/s angular 

frequency and a normal force of 1 N. 

 

3.3.5 Scanning Electron Microscopy 

 

The hydrogel samples were first swollen in DI water, and then frozen with liquid 

nitrogen and subsequently freeze-dried using a Labconco freeze-drier, model 

7750060. The samples were kept overnight at 0.035 mBar pressure and a temperature 

of -40 ˚C.  The freeze-dried hydrogels were imaged using Scanning 

Electron Microscopy (SEM) performed on a Carl Zeiss EVOLS 15 system at an 

accelerating voltage of 14.64 kV. Samples were placed onto silicon wafers and coated 

with a 10 nm gold layer prior to imaging. 

 

3.3.6 Photo-actuation Measurements 

 

For white light irradiation shrinking and reswelling measurements, the hydrogels 

were placed in a custom-made cell, comprising 2 cover glass slides separated by 500 

µm high spacers made out of PMMA/PSA. The imaging was carried out with an Aigo 

GE-5 microscope using a 60x objective lens with the accompanying software. The 

light was provided by a Dolan-Jenner-Industrie Fiber-Lite LMI with a light intensity 

of ~210 kLux through two waveguide goosenecks placed 2-3 cm away from the 

sample. Each sample was exposed to white light irradiation for 4 min then placed in 

the dark for a further 11 min. The area measurements of the freestanding hydrogel 

discs were performed using Image J (1.47v) software. Three different hydrogels were 

measured for each point and the relative area % was calculated using the following 

equation (n=3): 

!"#$%&'"	$)"$	(%) = 		 ./.0
	×	100 

./	= Measured area at time t  

.0	= Area of a fully hydrated gel 
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3.4 Results and Discussion        

 

3.4.1 Photo-induced Curing 

 

Rheology was used to study the effects of the polymerisation solvent on the curing 

times and properties of the hydrogels obtained. The photo-induced curing 

measurements were carried out for each monomeric cocktail using different 

polymerisation solvent mixtures, as described in the experimental section. All samples 

were exposed to white light and the storage modulus recorded. The storage modulus 

increased with time and reached a plateau, indicating that full polymerisation had 

occurred. It was observed that the plateau region of the storage modulus was 

dependent on the polymerisation solvent used (Fig. 3.1, Fig. A1.4-A1.6). The storage 

moduli in the 4:1 organic solvent: DI water series remain relatively unchanged after 

~190s of white light irradiation, confirming that full polymerisation had been 

achieved (Fig. 3.1). The hydrogels which were polymerised in the presence of 

dioxane: DI water showed the highest storage modulus plateau (Fig. A1.3), suggesting 

that when dioxane was used in the polymerisation mixture, hydrogels with greater 

elastic properties were produced (Table 3.1)[33].  

During the curing process the storage modulus quickly surpassed the loss modulus. 

This is known as the “gel point” and is where the material exhibits more elastic than 

viscous behaviour. For all the samples examined, the gel point was achieved within 

the first ~70 s after the start of the experiment, meaning that it was reached within ~10 

s after the photo-polymerisation was initiated (white light is turned on after 60s).  

Tand is a representation of the ratio of the elastic (storage modulus) and viscous 

(loss modulus) moduli, (G¢¢/G¢). This parameter helps to identify how tacky/sticky the 

hydrogel is (Table 3.1). It was observed that hydrogels which were polymerised in the 

presence of 1:1 organic solvent: DI water had the highest Tand values in their 

respective series (Table 3.1). These results suggest that using lower organic solvent 

content in the polymerisation mixture produced hydrogels which were tackier/stickier 

and more delicate to handle. 
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Figure 3.1: Photo-curing of hydrogels produced when the polymerisation solvent was 4:1 

(V:V) organic solvent (THF, dioxane and acetone, respectively) : deionised water. 

White light polymerisation was initiated after 60 s. 

 

Table 3.1.  Rheological properties of monomeric cocktails during photo-induced curing in the 

presence of different polymerisation solvent mixtures. The storage (G’) and loss moduli (G”) 

measurements were recorded after 360s of white light irradiation. (G’-storage modulus, G” - 

loss modulus). 

Gel ID 
G’ 

[Pa] 
G” [Pa] 

Tan d 

(G”/G’) 

Gel point 

[s] 

4:1 THF: DI water 32600 168 5.15´10-3 70 

2:1 THF: DI water 30700 110 3.58´10-3 70 

1:1 THF: DI water 12000 184 1.53´10-2 70 

4:1 Dioxane: DI water 44000 74.9 1.70´10-3 70 

2:1 Dioxane: DI water 44400 49.8 1.12´10-3 70 

1:1 Dioxane: DI water 47700 202 4.23´10-3 75 

4:1 Acetone: DI water 28700 30.2 1.05´10-3 70 

2:1 Acetone: DI water 35900 93.8 2.61´10-3 70 

1:1 Acetone: DI water 13000 80.5 6.19´10-3 75 
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3.4.2 Hydrogel Morphology 

 

A Scanning Electron Microscopy (SEM) study was carried out as described in the 

experimental section, to investigate the effect of different polymerisation solvents on 

the morphology of the resulting hydrogels. Varying solvent ratios was seen to produce 

hydrogels of different pore sizes. For example, when THF: DI water was employed as 

the polymerisation solvent (Fig. 3.2), it was revealed that as the organic solvent 

content was decreased, the pore size also decreased. This is possibly due to the well-

known co-nonsolvency of pNIPAAm in different solvent mixtures, including 

THF:water, where depending on the solvent ratio, pNIPAAm shows drastic 

conformation changes from fully swollen coil to a globular state [32,34-36]. For 

example, in the case of MeOH:water mixtures, it was shown that pNIPAAm becomes 

insoluble at a molar ratio of MeOH (XMeOH) between 0.13-0.4, while for XMeOH < 0.13 

and XMeOH > 0.4 PNIPAAm is soluble[34]. Similar observations have been made in 

the case of other binary solvent systems such as THF:water and DMSO:water, where 

the solubility of pNIPAAm depends on the ratio of the two solvents[32,36,37]. It is 

therefore believed that as the polymeric chains are growing they will either precipitate 

in a globular conformation or adopt an extended coil conformation due to their 

solvency. This in turn determines the pore size and density of the resulting hydrogel. 

From the representative SEM images of the THF: DI water series, it is revealed that 

the pore size range of the hydrogels polymerised in the presence of 1:1 v:v THF: DI 

water was 1.11-1.66 µm (Fig. 3.2c), considerably smaller when compared to 4:1 

volume ratio, which resulted in hydrogels having pore sizes ranging from 5.61-6.47 

µm (Fig. 3.2a). This shows the direct effect of the solvent ratio on the pore size 

development. The hydrogels which were polymerised in the presence of Dioxane: DI 

water did not follow the pore development pattern seen for THF: DI water, but 

produced gels with a much broader pore size distribution in the range of 4.75 µm to 

8.15 µm (Fig. A1.6-A1.8).  
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Figure 3.2: SEM images of hydrogels synthesised using different (V: V) ratios of THF: DI 

water as the polymerisation solvent.  

 

3.4.3 Oscillation Analysis 

 

Amplitude sweep measurements (Fig. 3.3 and ESI Fig. A12 and A13) were 

performed on the fully hydrated gels in order to determine their mechanical properties 

and relate these with the porosity of the hydrogels. It would be expected that the 

hydrogels with larger pore sizes would show weaker mechanical properties due to less 

polymer being present. This correlation was evident when comparing the results from 
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the oscillation study of the hydrated gels with the SEM data. In the case when THF: 

DI water mixture was used as the polymerisation solvent, amplitude sweep 

measurements (Fig. 3.3) show that the 1:1 THF: DI water and 2:1 THF: DI water gels 

have a higher (visco)elastic modulus (10–13 kPa) compared to the 4:1 THF: DI water 

gel (~5 kPa). Intuitively, one would expect that highly porous gels are more flexible, 

less stiff and cannot withstand high stress, causing them to reach the linear 

viscoelastic range (LVE) quicker than less porous polymers. In this study we have 

selected 10% as tolerance threshold and all G' values below 90% of the plateau value 

are considered to be outside the LVE range. In this context, the 1:1 THF: DI water gel 

can withstand higher shear stress before it reaches the linear viscoelastic range (LVE) 

of ~1 kPa. The 4:1 and 2:1 THF: DI Water hydrogels reached the LVE limit quicker 

and with less shear stress of ~300 Pa.  

The amplitude sweep results for the hydrogels with Acetone: DI water and dioxane: 

DI water as the polymerisation solvents (ESI Fig. A12 and Fig. A13, respectively) 

have provided results that complement the pore sizes obtained from the SEM study 

(ESI Table A2). The LVE limits for the dioxane: DI water gels show similar values of 

~800 Pa for all the solvent ratios in agreement with the porosity data obtained from 

the SEM. Similar comparisons can be made in the case of the hydrogels polymerised 

in the presence of Acetone: DI water (LVE range 1 - 2.2 kPa).  

Overall the increase in hydrogel porosity decreases the stiffness and mechanical 

strength of the hydrogels. Nevertheless, all the hydrogels obtained in this study are 

still strong enough to be handled for actuation and measuring purposes, and possess 

storage modulus values of about 5-20 kPa [38].  
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Figure 3.3: Storage moduli versus shear stress of the hydrated hydrogels polymerised in the 

presence of THF: DI water solvent mixtures during a strain amplitude sweep using a normal 

force of 1N. 

 

3.4.4 Photo-actuation Study 

 

The main objective of this study was the correlation of the photo-induced shrinking 

and subsequent swelling of the p(NIPAAm-co-SP-co-AA) hydrogels in relation to 

their solvato-induced porosity and mechanical properties. In this context, a photo-

actuation study was carried out on the nine hydrogel variations polymerised in the 

presence of different solvent mixtures. The expansion and contraction of each 

hydrogel sample were measured in a series of three actuation cycles in DI water in 

order to investigate the reversibility of photo-actuation. When the p(NIPAAm-co-SP-

co-AA) hydrogels were immersed in DI water, in the dark, they expanded due to the 

protonation of the SP unit to the more hydrophilic MC-H+ by the AA comonomer 

(pKa ~4.5) which serves as an internal acid source (Fig. 3.4). Under these conditions 

the hydrogel has a yellow colour due to the absorption spectrum of MC-H+ (lmax = 

422nm) [19]. When the same hydrogel was irradiated with white light, a rapid colour 

change was observed due to the deprotonation of MC-H+ and its reversion back to the 

colourless SP form. The SP form is more hydrophobic causing the polymer chains to 

collapse, thereby expelling water and triggering hydrogel contraction.  
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During this study, the fully hydrated gels were exposed to white light for 4 min and 

returned to the dark for a further 11 min to allow reswelling and this process was 

repeated three times (Fig. 3.5, Fig. 3.6 and Fig. A14-A20). These times were 

sufficient to reach a close steady state (Fig. A21-A23). The area contraction and 

expansion of the hydrogels polymerised in the presence of THF: DI water are shown 

in Figure 3.5. Comparing the three volume ratios 4:1, 2:1 and 1:1, respectively, of the 

THF: DI water solvent mixture, a difference in the degree of hydrogel contraction was 

observed. The hydrogel samples polymerised using 4:1 THF: DI water as the 

polymerisation solvent have contracted the most in this series (to 51.43% of their 

initial size), when compared to the hydrogels 2:1 (58.94%) and 1:1 (61.78%) of the 

same solvent mixture (Table 3.2). The results are in agreement with the pore sizes 

obtained, where the 4:1 THF: DI water hydrogels showed the largest pores of the 

series, enhancing the degree of shrinking of this sample by improving the water 

diffusion out of the hydrogel. However, the expansion in relative area for the 2:1 

hydrogel is much lower (75.17%) than the 4:1 and 1:1 ratios (82.99% and 91.31% 

respectively). This may be attributed to the increased storage modulus of the 2:1 

(Figure 3.3) which can contribute to the poor reswelling of the gel and thus the 

decreased relative area change. 

 

 
Figure 3.4: Chemical structure of p(NIPAAm-co-SP-co-AA) polymer chains under 

different illumination conditions. 
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In the case of dioxane: DI water as the polymerisation solvent mixture (Fig. A1.14 

(4:1), A1.15 (2:1) and A1.16 (1:1)), there is not a clear difference between the 

contraction values (47.23%, 49.51%, and 51.83% respectively) or the expansion 

values (73.36%, 74.65%, and 81.57% respectively) (Table 3.3). 

 

Figure 3.5: Microscope images (magnification X60) of the hydrogel shrinking and reswelling 

area of the three V: V ratios ((a) 4:1, (b) 2:1 and (c) 1:1) of the THF: DI water solvent 

mixture.  
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Table 3.2. Hydrogel contraction and expansion relative areas (%) during three irradiation 

cycles (n=3) % area changes calculated relative to the initial area. 

 

Gel ID 

Relative 

area [%] 

after 

Contraction 

Error 

[%] 

(n=3) 

after 

Contracti

on 

Relative 

area [%] 

after 

Expansion 

Error 

[%] 

(n=3) 

after 

Expansion 

Relative 

area 

Change 

[%] 

4:1 THF: DI water 51.43 0.95 82.99 0.87 31.64 

2:1 THF: DI water 58.94 6.04 75.17 3.39 16.23 

1:1 THF: DI water 61.78 0.26 91.31 0.22 29.53 

4:1 Dioxane: DI water 47.23 2.62 73.36 3.44 26.13 

2:1 Dioxane: DI water 49.51 1.08 74.65 1.37 25.14 

1:1 Dioxane: DI water 51.83 1.01 81.57 1.36 29.74 

4:1 Acetone: DI water 39.56 2.37 61.95 5.76 22.39 

2:1 Acetone: DI water 50.34 2.35 71.63 3.26 21.29 

1:1 Acetone: DI water 46.07 1.30 86.95 0.92 40.88 

 

These results would be expected, taking into account their similar pore sizes (Fig. 

A1.6-A1.8) and mechanical properties (G' = 44 - 47kPa, Fig. A4). 

 

In the acetone: DI water series, the 4:1 ratio shows the highest relative shrinking 

(hydrogels shrink to 39.56% of their hydrated size) but on reswelling it only reaches 

61.95% of its initial size. In contrary, the 1:1 acetone: DI water shows a smaller 

relative shrinking to 46.07% (Table 3.3), but over all shows the highest relative area 

change upon repeating actuation cycles (40.88%). This could be attributed to its high 

pore density of various sizes (Fig. A1.11) compared to the other ratios, which in turn 

has been shown to improve water diffusion in the hydrogel. For each of the 

polymerisation solvent mixtures, the photo-induced contraction and expansion of the 

hydrogels were shown to be successfully reproducible over at least three illumination 

cycles with minimal hysteresis (Figure 3.6).  
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Figure 3.6: Photo-actuation cycles of hydrogel samples produced in the presence of different 

polymerisation solvent mixtures (THF: DI water (a), Dioxane: DI water (b), Acetone: DI 

water(c)), in real time.  

 

During this study, the polymerisation solvent mixture and volume ratio were shown 

to play a crucial role in the resulting morphology and mechanical properties of the 

hydrogels. The THF: DI water mixture best highlighted the importance of the 

polymerisation solvent. During the curing study the 4:1 hydrogel had the highest 

storage modulus value of 32600 Pa, which resulted in hydrogels that were robust and 
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easy to handle. Upon swelling, however, the mechanical properties of the gel 

drastically changed, showing the smallest storage modulus of the series, at 5000 Pa. 

This is the first indication that the 4:1 hydrogel absorbed the highest amount of water 

of the series, as indicated also by its high porosity. In comparison, the 1:1 volume 

ratio produced a hydrogel with the highest tanδ value of the series, of 1.55×10-2, 

resulting in a tacky hydrogel with smaller pores (1.66 - 1.11 µm), that upon water 

absorption had a much higher storage modulus of ~12 kPa, indicating a hydrogel with 

higher mechanical strength compared to 4:1 THF: DI water. Furthermore, the higher 

storage modulus of the hydrated 2:1 hydrogel (~15 kPa) implies an even more rigid 

material, making it less susceptible to photo-induced actuation (Table 3.2). This 

demonstrates that using polymerisation solvents with different ratios of organic 

solvents can dramatically affect the mechanical properties of the polymerised 

hydrogel due to the relative solvency of the growing polymeric chains (mainly 

composed of pNIPAAm) in the solvent mixture. As described above, there is a direct 

correlation between the solvent used during polymerisation, the morphology of the 

resulted hydrogels and the photo-actuation degree. Impressive variations in the overall 

photo-induced area change of p(NIPAAm-co-SP-co-AA) hydrogels from ~15% to 

40% can be observed (Table 3.2) just by changing the polymerisation solvent mixture. 

This study provides essential information on the importance of the polymerisation 

environment in allowing the synthesis of pNIPAAm-based hydrogels with desired 

actuation responses. 

 

3.5 Conclusions 

 

In this study, nine different variations of organic solvent: DI water mixtures were 

used as polymerisation solvents to produce photo-actuating p(NIPAAm-co-SPA-co-

AA) hydrogels, with the aim to control their morphology and therefore their actuation 

capabilities. The work has successfully demonstrated how the polymerisation solvent 

affects the morphology of the resulting hydrogel, directly influencing the curing 

properties, pore sizes, physical properties and degree of photo-actuation. This 

development has allowed for greater degrees of photo-actuation than previously 

reported and provides critical information for the development of micro-valves and 

photo-regulated flow controllers of optimal response times, in microfluidic devices.  
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4.1 Abstract 

 

Herein we report the synthesis of a bipedal hydrogel walker, based on N-

isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid p(NIPAAm-co-SP-co-AA). Due 

to the presence of the photochromic spiropyran molecule in the polymer structure, these 

hydrogels reversibly shrink and swell in aqueous environments when exposed to different 

light conditions. When placed onto a ratcheted surface, the actuation of the bipedal gel 

produces a walking motion by taking a series of steps in a given direction, as determined by 

the optimised design of the ratchet scaffold. We anticipate that such biomimetic hydrogel 

walkers could form the basis of light-actuated soft robots capable of more advanced functions 

such as autonomous migration to specific locations accompanied by triggered release of 

molecular cargo. 

 

4.2 Introduction 

 

The motile behaviour of life forms, from the most primitive to the more complex, has long 

fascinated scientists who remain captivated by their ability to navigate through challenging 

environments in response to external stimuli. The simple earthworm, for example, has been 

the focus of attention for scientific groups who attempt to achieve synthetic mimicry of its 

means of movement [1-3]. The earthworm’s body is composed of cylinder-shaped segments 

which are filled with a fixed volume of incompressible fluid and its movement is attributed to 

the contraction of the circular and longitudinal muscle layers which run through the body of 

the worm. When the longitudinal muscles contract, the worm is made shorter and the liquid is 

forced into the sides of the cavity, causing the body to widen. Conversely, contraction of the 

circular muscles serves to elongate the worm’s body.  Sequential fine control over the length 

of individual segments allows the worm to move in one direction [4]. More advanced means 

of locomotion, as exhibited by humans and other large mammals, is controlled through 

interaction of both soft and hard materials. Many groups, studying soft and hard robotics, 

have looked to the human body for inspiration [5-7]. To date however, the hard robotics field 

has failed to produce devices that can match the functionalities offered by biology, such as 

flexibility, adaptability and self-repair observed in even the simplest living organisms (e.g. 

cells, bacteria, jellyfish and worms). These types of functionality cannot be offered by present 

robotics technologies, mainly because of the lack of mechanical compliance between the 
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conventional robotics and the biological systems. For implantable devices this hard-soft 

material mismatch can lead to tissue damage and foreign body response, resulting in hypoxia, 

acidosis, thrombosis and implant rejection [8]. Great recent progress has been made at the 

macro-scale towards soft-fluidics by using soft elastomers with embedded pneumatic 

networks [9,10]. These actuators contain inflatable channels fabricated in elastomeric 

materials which are configured to create specific movement when pressure is applied. 

Dielectric elastomers have also been proposed for the realisation of soft electro-actuators, 

however their main disadvantage remains the typically large actuation voltage needed [11,12]. 

Currently, soft-robotics may offer actuators of modest complexity, which exhibit increased 

compliance with biological matrices. Biological inspiration has also led to the realisation of 

stimuli-responsive soft actuators through the use of hydrogels as a primitive mimic 

of biological tissue. Hydrogels comprise a broad range of polymeric materials which are 

capable of holding large volumes of water, due to their hydrophilic nature. Incorporation of 

stimuli-responsive compounds into the gel structure can be used to control the gel’s overall 

hydrophilic character. This offers a means to modulate the volume and shape of the hydrogel 

structure through the expulsion or absorption of water from the surrounding environment. A 

large number of stimuli-responsive mechanisms for these gels have been reported, including 

thermal [13,14], pH [15], magnetic [16], glucose [17], antigen [18], electro [19], photo [20], 

and even multi-responsive hydrogels [21,22]. Of particular interest is the development of 

hydrogels with biomimetic properties [23,24], such as the ability to walk [25]. Yang et al [26] 

developed an arc shaped hydrogel based on poly(2-acrylamido-2-methylpropanesulfonic acid-

co-acrylamide) (poly(AMPS-co-AAm), which was able to walk across a ratcheted surface 

upon electrical stimulation. The hydrogel contained cross-linked networks bearing bound 

negatively-charged sulfonic groups. In sodium chloride (NaCl) solutions, upon the application 

of an electric potential, the free ions of the NaCl electrolyte move towards their respective 

counter electrodes. Inside the hydrogel however, only the cations of the bound negatively-

charged sulfonic groups are mobile and can move towards the cathode. This ion motion 

creates an ionic concentration gradient within the hydrogel and in turn an osmotic pressure 

difference within the hydrogel walker. This translates into a bending motion towards the 

cathode upon application of an electric field. Depending on the position of the electrodes, one 

side of the gel experiences a greater osmotic pressure difference, resulting in 

bending/deformation of the hydrogel. The bending behaviour is reversible and repeatable 

through successive "on/off " application of an electric field. When placed on a ratcheted 
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surface and by repeatedly applying an electric field, a hydrogel arc can be made to “walk”. 

When the electric field is switched “on” the gel will shrink, resulting in the legs of the gel to 

come closer. Because of the shape of the ratchet, only one leg can move and the trailing leg 

will be “dragged” across the ratchet steps. When the electric field is removed the gel will 

expand, but as the trailing leg cannot expand back against the ratchet, the leading leg will be 

pushed forward.   

 Development of other forms of hydrogel stimulation offer more promising means of 

fine-tuning actuation. The use of photo-responsive hydrogels offers the possibility of 

accurately controlling irradiance, time, distance, position and wavelength of the light while 

offering non-contact stimulus that can be applied in a non-invasive manner. The incorporation 

of photo-responsive compounds in the modulation of hydrogels has been widely documented, 

most notably through the use of spiropyrans (SP), which also offer added sensitivity to pH, 

solvent polarity and metal ions [27-29]. Our group has been one of the pioneers in 

demonstrating that incorporation of spiropyrans into gel structures (hydrogels [30] and 

ionogels [31,32]) can be used for the fabrication of photo-controlled liquid flow micro-fluidic 

manifolds [33], reversible microfluidic valves [34] and photo-programmable surface 

topographies [35]. The photo-responsive hydrogels used in these studies were typically 

composed of copolymers of N-isopropylacrylamide-co-acrylated spiropyran-co-acrylic acid 

(p(NIPAAm-co-SP-co-AA), in a molar ratio of 100:1:5. In an acidic environment SP is 

protonated, generating the more hydrophilic (MC-H+) form. Absorption of water from the 

external environment thereby results in expansion of the hydrogel. Upon irradiation with 

white light (λmax = 422 nm) MC-H+ releases a proton causing it to isomerize back to the more 

hydrophobic SP form. This increase in hydrophobicity results in the expulsion of water and 

the contraction of the gel. The addition of acrylic acid into the hydrogel backbone provides an 

internal source of protons for reversible switching [20] removing the need for an external 

acidic environment and enabling the switching of SP to MC-H+ to occur in neutral conditions. 

This allows for reversible photo-actuation to be performed in deionised water.  

Expanding on this work, herein we present photo-responsive hydrogel walkers based on 

p(NIPAAm-co-SP-co-AA). These walkers can reversibly shrink and expand via on/off white 

light irradiation. When submerged in water and placed onto a ratcheted surface the walkers 

can achieve a unidirectional walking motion when exposed to different light conditions. These 

hydrogels offer a promising route for the development of directed locomotion in soft light 

robotics. 
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4.3 Experimental 

 

4.3.1 Materials 

 

N-isopropylacrylamide 98% (NIPAAm), N,N’-methylenebisacrylamide 99% (MBIS), 

Phenylbis(2,4,6 trimethyl benzoyl) phosphine oxide 97% (PBPO), acrylic acid (180-200ppm 

MEHQ as inhibitor) 99% (AA), tetrahydrofuran 99% (THF), anhydrous dichloromethane (50-

150 ppm amylene as stabilizer) 99% (DCM), ethyl acetate 99%, n-hexane 95%, were acquired 

from Sigma Aldrich, Ireland and used as received. 1’,3’,3’-Trimethyl-6-acryloylspiro(2H-1-

benzopyran-2,2-indoline) (SP-A) was synthesised as described elsewhere [20]. 

 

4.3.2 Gel Preparation 

 

The hydrogel walkers were synthesised using a monomeric cocktail which consisted of 200 

mg NIPAAm, 8 mg MBIS (3 mol% relative to NIPAAm), 6 mg SP-A (1 mol% relative to 

NIPAAm), 7 mg PBPO (1 mol% relative to NIPAAM) and 6 µL AA (5 mol% relative to 

NIPAAm) dissolved in 500 µL of the polymerisation solvent (4:1 vol: vol, THF: DI water). 

The arc-shaped hydrogel walkers were prepared by using a home-made cell consisting of a 

PMMA mask (Figure 4.1), a glass slide and a glass cover slide separated by a 500 µm high 

spacer made out of poly(methyl methacrylate)/pressure sensitive adhesive (PMMA/PSA). The 

cell was filled by capillary action with the monomer solution and subsequently exposed to 

white light through the mask (Figure 8). The polymerisation time was varied from 40 to 50 s, 

in order to compare polymerisation times with walker functionality. The white light source 

used was a Dolan-Jenner-Industries Fiber-Lite LMI LED lamp with two gooseneck 

waveguides placed at a distance range of 1 to 2 cm from the platform. The light intensity 

measured with a Multicomp LX-1309 light meter was 310 - 320 kLux. After polymerisation, 

the hydrogel walkers were washed gently with ethanol and DI water to remove any 

unpolymerised material and allowed to swell in deionised water for 4-6 hours to ensure full 

hydration.  
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Figure 4.1. Side view of in-house made cell for gel polymerisation; insets show the photomask 

including specific measurements of a single arc-shaped walker. 

 

4.3.3 Photo-Mask Fabrication 

 

The photo-mask used for gel polymerisation was firstly designed using AutoCAD 2014 and 

cut from a 1 mm thick sheet of black PMMA using a CO2 laser ablation system (Epilog Zing 

Laser Series). The mask contained a 7 x 5 array of walkers of 1.44 mm height, 2.81 mm 

(outer) distance between the legs, and a width of 0.56 mm.  

 

4.3.4 Ratcheted Channel Fabrication 

 

The ratcheted systems in this study were first designed using AutoCAD 2014 and a CO2 

laser ablation system (Epilog Zing Laser Series) was used to cut the required pieces out of 

black PMMA sheets. To assemble the ratcheted channel, a back PMMA layer, the ratchet 

layer and a glass slide were attached (Figure 4.2). The back layer and the main ratchet section 

were cut from 1 mm black PMMA. To avoid melting of the ratchet during laser cutting, 50 

µm PSA was hand cut and applied to both sides after cutting. The back layer was joined with 

the main section first, then the glass slide was attached. Using clamps, the three sections were 

placed under pressure overnight. The ratcheted channel had a length of 45 mm, a 1 mm width 

and a height of 12 mm, while the ratchets had a height of 0.5 mm and a 7 mm distance 

between two consecutive ratchets.   
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Figure 4.2. A) Schematic diagram showing the individual components of the ratcheted channel: glass 

slide, ratcheted channel bottom with side walls in black PMMA and PMMA back layer; Cartoon 

showing side (B) and front (C) views of the channel after assembly and D) Photo of the real ratcheted 

channel.  

 

4.3.5 Hydrogel Walker Relative Area and Relative Leg Distance Analysis 

 

The distance between the walker’s legs and the area measurements of the freestanding 

hydrogel walkers were performed using Image J (1.47v) software. For each polymerisation 

time, three hydrogel samples were measured. The relative area % (Eq. 4.1) and relative Legs 

distance% (Eq. 4.2) were calculated using the following equations (n=3): 

 

!"#$%&'"	$)"$	 % = 	 ,-,. 	/	100           (Eq. 4.1) 

Where 23	= Measured area at time t and 24	= Area of a fully hydrated gel. 

 

 !"#$%&'"	#"5	6&7%$89"	(%) = 	 <-<=		 /	100	                                   (Eq. 4.2) 

Where Lt = Measured inner leg distance at time t and L0 A?= Initial inner leg distance of the 

fully hydrated walker. 

 

4.3.6 Rheology 

 

Rheology curing measurements were performed on the unpolymerised cocktail. The 

measurements were carried out using an Anton-Paar MCR301 rheometer with a CP50-2 

measuring tool with a diameter of 49.97 mm and a cone angle of 1.996° to measure the 

mechanical properties during polymerisation. The rheometer had a glass plate to which 900 µl 

of monomer mixture was placed and pressed with the CP50-2 tool with a space of 208 µm. A 
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Dolan-Jenner-Industrie Fiber-Lite LMI white light was placed under the glass plate having a 

light intensity of 320 kLux, measured on top of the glass plate using a LX-1309: light meter. 

The curing and mechanical properties of the p(NIPAAm-co-SPA-co-AA) cocktail were 

measured over 15 minutes with data collected every second. White light curing was initiated 

after 60s and after the allotted time (40 s, 45 s and 50 s, respectively) the light was turned off. 

The loss and storage moduli were analysed at 0.1% strain and 1Hz oscillation frequency 

against time. 

Polymer films of 500 µm thickness were polymerised for the specific times (40 s, 45 s and 

50 s) in the same manner as the walkers in the absence of the photomask with a light intensity 

of 318 kLux. After the polymer films were hydrated, circular disks of 15 mm diameter were 

cut using a manual puncher and used for further rheology analysis. The polymer discs from 

the various polymerisation times were placed under the PP15 rheometer tool (15 mm 

diameter) of the Anton Paar MCR 301 rheometer. Amplitude sweeps were carried out at 100 

rad s-1 angular frequency, a normal force of 1 N with a gradual strain from 0.01 – 100%. The 

storage modulus was monitored with data being collected every 20 seconds.  

 

4.3.7 Hydrogel Walker Actuation 

 

To achieve the “walking” behaviour of the hydrogels, a single walker was placed on to one 

of the ratcheted channels. The channel was then carefully filled with deionised water. An 

Aigo GE-5 microscope (using a 60x objective lens and accompanying software) was placed 

facing the glass side of the ratcheted channels.  Finally, the white light source was adjusted so 

both goosenecks were pointed at the walker and had an intensity of ~305 kLux. Once 

recording began the white light source was switched on. The walker was then monitored in 

real time and once the trailing leg had moved across at least one of the ratchet steps the light 

was removed.  The gel was then monitored in the dark and once the leading leg had been 

pushed at least one ratchet step, the white light source was turned back on. This was 

continued until the hydrogel had walked a number of steps. 
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4.4 Results and Discussion 

 

4.4.1 Hydrogel Walker 

 

The (p(NIPAAm-co-SP-co-AA) hydrogels in this study were able to achieve reversible 

swelling and contraction through repeatable white light irradiation. In the absence of white 

light, the SP component of the gels underwent protonation to the more hydrophilic MC-H+ 

form, due to protonation from the AA substituent (pKa ~ 4.5). Under these conditions, the 

gels expanded to the maximum capacity and had a yellow colour.  When the hydrogels were 

illuminated with white light, the MC-H+ was deprotonated back to the SP form (Figure 4.3). 

This resulted in a rapid colour change towards white/colourless as the gel began to contract. 

This is due to the hydrophobic nature of SP which causes the polymer chains within the gel to 

collapse and water from the gel to be expelled to the external environment (Figure 4.3).  

 
Figure 4.3. Chemical structure of the p(NIPAAm-co-SP-co-AA) hydrogel walkers under different 

illumination conditions and the physical effect it has on the gel morphology.  
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 To achieve the walking motion this process was performed on a ratcheted polymethyl 

methacrylate (PMMA) surface, from right to left, as depicted in Figure 4.4. After a period of 

white light irradiation (5 min at ~305 kLux intensity), the gel began to contract, thereby 

causing deformation of the gel’s structure. When the leading leg comes in contact with the 

vertical section of the ratchet step (Figure 4.4 (A)), a gradual photo-induced reduction of the 

distance between the legs causes the trailing leg to be “dragged” over the bevel of the ratchet 

step (Figure 4.4 (B-D)). 

 
Figure 4.4. Series of snapshots showing the effect of light irradiation on the hydrogel walker. A) Light 

irradiation is initiated; B-D) Gradual reduction of inter-leg distance results in the trailing leg (right) 

being “dragged” over the bevel of the ratchet step. 
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When the light was removed, the gel would gradually begin to re-swell and regain its 

original colour. Swelling continued until the trailing leg became lodged on a vertical section 

of a ratchet step, thus causing the leading leg to be pushed over the bevel of the corresponding 

ratchet step. By repeating this process, the p(NIPAAm-co-SP-co-AA) walkers could be made 

walk in a single direction, determined by the direction of the ratchet (see Figure 4.5, Figure 

A2.1, Video A2.1 and Video A2.2). 

 
Figure 4.5. Series of snapshots showing the walking behaviour of the hydrogel (Video S1). A – B 

shows contraction of the trailing leg. C – Swelling in the dark results in the forward leg being pushed 

over the ratchet. D – E The sequence is repeated which results in the gel achieving a unidirectional 

walking motion (right to left).  

 

4.4.2 Mechanical Properties 

 

To design a hydrogel walker which can actuate over a series of predefined distances, it is 

necessary to have a comprehensive knowledge of the mechanical properties of the hydrogel 

walker. The elastic nature of a hydrogel can have a dramatic influence on its ability to actuate 
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under a given stimulus. To best understand the effect of varied degrees of cross-linking, a 

rheology study was used to ascertain the most appropriate curing time. Three different 

polymerisation times were chosen (40 s, 45 s and 50 s, respectively), during which the 

monomeric cocktail was exposed to white light irradiation and the storage modulus recorded 

(Figure 4.6). The storage modulus increases abruptly when the light is turned on (time = 60 s) 

owing to significant growth of elastic structures due to the crosslinking. When the light is 

turned off (after 40 s, 45 s and 50 s, respectively) no new radicals are formed by initiation, 

and therefore the increase in storage modulus is significantly slowed, as only the free radicals 

that are present when the light is turned off continue to propagate and terminate [36]. The 

hydrogels polymerised under 50s of light irradiation showed the highest storage modulus 

plateau at around 3700 Pa, and therefore exhibit the greatest elastic properties of the 

hydrogels studied (Figure 4.6). Polymerisation times longer than 60s were not suitable as 

polymerisation-induced diffusion, beyond the exposed areas of the photo mask, resulted in 

peripheral polymerisation.  

 

 
Figure 4.6. Photo-curing of hydrogels produced under different light irradiation times (40 s, 45 s and 

50 s, respectively). White light polymerisation was initiated at t=60 s.  
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Mechanical studies of the hydrogels were also performed after hydration, as detailed in the 

experimental section. It was revealed that upon hydration, the storage modulus of the 

hydrogels polymerised under different polymerisation times (40 s, 45 s, and 50 s, 

respectively), although increasing with the polymerisation time, does not vary significantly 

(Figure A2.1). However, amplitude sweeps reveal that the linear viscoelastic range (LVE) is 

significantly different and decreases with increased polymerisation time. This could be due to 

the crosslinking density increasing with the polymerisation time, also causing an increase in 

chain entanglement. Therefore, when an increase shear stress is applied, physical interactions 

and entanglements will be destroyed prior to covalent bonds. As a result, the sudden decrease 

in G’ (indicating the end of the LVE) occurs at lower shear stress for the hydrogels 

polymerised under a longer polymerisation time, which implies that there are more physical 

crosslinks and chain entanglements in these sample networks [37].   

 

4.4.3 Relative Area and Relative Leg Distance Analysis 

 

Extending our knowledge of these materials to fabricate a simple hydrogel walker required 

not only an insight into the mechanical properties but also greater understanding of the 

volume change of the material during actuation cycles. On a stepped surface, it is important to 

fully understand both the swelling of the respective legs and maximum bipedal distance, 

during actuation. To determine the actuation properties of the hydrogel walkers polymerised 

under different polymerisation times, a study was performed to examine the effect on both the 

relative area of the entire gel and the distance between the legs upon irradiation with white 

light. Polymerisation time is an important parameter when synthesising hydrogels as it affects 

the crosslinking density of the hydrogel, thus its mechanical properties (Figure 4.6) and its 

ability to absorb and expel water and the material’s shape memory [38-41].  

Figure 4.7 shows the relative area of each of the gels when exposed to three cycles of white 

light irradiation. It confirms, as expected, that polymerisation times plays only a minor role in 

the extent of swelling or contraction exhibited by the resulted hydrogel, in these particular 

conditions (polymerisation times of 40 s, 45 s and 50 s, respectively). The 50 second 

polymerised gels showed the greatest repeatability and were better able to swell close to their 

original size when compared to the shorter polymerization times. Relative area change is 

Area. change = 24.14 ± 7.43% (n=3) for the hydrogels polymerised under 40 s of light 

irradiation, Area. change = 23.11 ± 9.24% (n=3) for 45 s polymerisation time and Area. 
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change = 25.87 ± 2.35% (n=3) for 50 s polymerisation time, respectively. For the hydrogel 

polymerised under 40 s of white light irradiation, there is a clear gradual decrease in the size 

of the hydrogel both under light and dark conditions (40 s: 2nd cycle 62.28 ±5.41% 

(contracted); 78.98 ±6.04% (expanded) and 3rd cycle 56.94 ±6.41% (contracted) 75.17 

±7.75% (expanded). This is most likely due to the decreased crosslinking density and physical 

entanglements present in these hydrogels, which may impede the hydrogels from returning to 

their original size. 

 
Figure 4.7. Three photo-actuation cycles of hydrogel walkers produced after 40 s, 45 s and 50 s of 

light irradiation, respectively, showing the relative changes in walker area when exposed to different 

illumination conditions. The measurements have been done in triplicate and the error bars represent 

standard deviations.  

 

An analysis of the relative inter-leg distance for a set of walkers of varied polymerisation 

time was also performed. Figure 4.9 shows the effect polymerisation times had on the 

actuation of the hydrogel structures, and in particular the relative changes in leg distance 

when the gels were exposed to different illumination conditions. As seen from Figure 4.6, 

polymerization times of 40 s and 45 s, respectively, resulted in gels with a lower storage 

modulus. Upon actuation, this failed to show an appreciable change on the centre angle of the 
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arc-shaped walker. When exposed to white light all of the hydrogel walkers were able to 

expand and contract (Figure 4.8), however the ones polymerised for 40 s and 45 s (Figure 4.8 

(a) +(b)), respectively, couldn’t maintain their shape and became flat when irradiated on a 

ratcheted surface.  

 
Figure 4.8. Three photo-actuation cycles of hydrogel walkers produced after 40 s, 45 s and 50 s of 

light irradiation, respectively, showing the relative changes in legs distance when exposed to different 

illumination conditions. 

 

The results of this assessment of actuation behaviour, in particular inter-leg distance, are 

summarised in the plots shown in Figure 4.9.  This clearly demonstrates that the gels 

synthesised using a 50 second polymerisation time had the greatest reduction in distance 

between the legs when exposed to white light. The 40 and 45 second gels showed minor and 

irreproducible inter-leg distance changes and therefore limited movement.  Knowledge of the 

extent of change in the centre angle of the arc-shaped walker/ inter-leg distance is integral to 

the design of the ratcheted surface on which the walker moves. By assessing the distance 

between the legs before and after actuation it is possible to design ratchets of optimal 

dimensions to maximise the potential for unidirectional movement. These results had a direct 

influence on the width of ratchets used for further studies, as outlined in the experimental 

section. 
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Figure 4.9. Three photo-actuation cycles of hydrogel walkers produced after 40 s, 45 s and 50 s of 

light irradiation, respectively, showing the relative changes in legs distance when exposed to different 

illumination conditions.  

 

As the actuation behaviour (swelling, contraction) in hydrogels is essentially diffusion 

controlled, the reduction of the scale of these structures can dramatically increase the rate at 

which these effects occur [42]. Improved kinetics of the actuation could also be realised by 

increasing the pore density of the hydrogel structure [43] as this can substantially reduce the 

overall diffusion pathlength for water uptake and release.  Furthermore, modification of 

substituents on the photoswitch molecule produces dramatic improvements in the switching 

kinetics, which also contributes to the overall effectiveness of the gel actuation effect [44,45]. 

This in turn will allow for the realisation of soft micro-robots, capable of various forms of 

locomotion on a significantly reduced timescale. In addition, photo-switchable dynamic 

ratchet structures that emerge /disappear can be created, and linking this behaviour with the 

‘walkers’ offers the intriguing possibility of externally switching between ‘on’ (ratchet 
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features present, directed movement turned on) and ‘off’ (smooth surface restored, directed 

movement turned off)[35]. 

 

4.5 Conclusion 

 

In conclusion, we have synthesised a hydrogel walker based on p(NIPAAm-co-SP-co-AA) 

which can reversibly swell and contract when submerged in water and subjected to cycles of 

white light irradiation. The hydrogel is able to achieve unidirectional walking when placed 

onto a ratcheted surface. These results show that photo-responsive hydrogels make promising 

candidates for the development of biomimetic soft robots which could exploit their reversible 

and repeatable actuation. This study opens the possibility for development of more advanced 

biomimetic walking soft robots which can perform tasks such as cargo transport, sensing and 

targeted drug delivery. The ability to control on-demand uptake and release, with porous 

materials of this nature, offers the possibility of localised triggered reactions upon secondary 

stimulation at desired destinations [46,47]. The combination of these processes could be used 

to achieve targeted transport, delivery and release within fluidic systems. 
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5.1 Abstract 

 

Micro-capillaries, capable of light-regulated binding and qualitative detection of divalent 

metal ions in continuous flow, have been realised through functionalisation with spiropyran 

photochromic brush-type coatings. Upon irradiation with UV light, the coating switches from 

the passive non-binding spiropyran form to the active merocyanine form, which binds 

different divalent metal ions (Zn2+, Co2+, Cu2+, Ni2+, Cd2+), as they pass through the micro-

capillary. Furthermore, the merocyanine visible absorbance spectrum changes upon metal ion 

binding, enabling the ion uptake to be detected optically. Irradiation with white light causes 

reversion of the merocyanine to the passive spiropyran form, with simultaneous release of the 

bound metal ion from the micro-capillary coating. 

 

5.2 Introduction 

 

The photochromic properties of spirobenzopyrans were first discovered by Fischer and 

Hirshberg in 1952 [1]. Since then, spiropyrans have been studied for a wide range of 

applications including optical recording [2,3], photochromic lenses [4], dye-sensitised solar 

cells[5], light harvesting artificial membranes [6,7], sensors [8-10], and actuators [11-15], 

among others [16-20]. Upon irradiation with UV light, spiropyrans isomerise to the more 

polar, open merocyanine form. Metal ions can complex with the open merocyanine form, 

thereby influencing this isomerisation process. Conversely, irradiation with visible light 

results in a high concentration of the closed form, thereby releasing the metal ion. It is 

therefore possible to trigger metal ion binding by irradiation with UV light and to reverse this 

process through white light irradiation of the coloured complex. This regenerates the inactive 

spiropyran form and results in the release of metal ions [17].  

The use of light to trigger the chelator offers unique opportunities, as the binding/releasing 

process is reversible and can be controlled externally in a non-invasive manner. We are 

particularly interested in this type of ‘switchable’ behaviour, as it enables a ‘4D’ character to 

be developed in which materials can respond to local stimuli (changes in local molecular 

environment, heat, light etc.) and switch between dramatically different modes of behaviour 

over time (the 4th dimension). Many of these behaviours, which are bio-inspired, have been 

previously used to generate micro-vehicles that can follow sources of chemical attractants by 

mimicking the movement of chemotactic organisms [21], or adaptive surfaces that can 
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dramatically alter their physical and chemical properties in response to external stimuli 

[22,23]. 

In this paper, we present the metal ion binding capabilities of a norbornene-functionalised 

spiropyran monomer (SP) in solution, in addition to its photochromic behaviour in the crystal 

state and when polymerised to form 3D polymeric brushes on substrates. Moreover, through 

the integration of the beneficial characteristics of both miniaturised platforms and spiropyran 

photochromic dyes, a simple and innovative micro-capillary capable of switchable metal ion 

uptake and release has been realised that can simultaneously communicate its state (i.e., 

passive (non-binding); active (binding) and free; and active and populated). The 

functionalised micro-capillary model we have developed can therefore act as a photonically 

controlled self-indicating system for controlled metal ion uptake and release, operating in a 

continuous flow regime. 

 

5.3 Experimental 

 

5.3.1 Materials 

 

7-Octenyltrichlorosilane (Gelest, Morrisville, PA, USA), 5-norbornene-2-carboxylic acid, 

exo- (Sigma-Aldrich, St. Louis, MO, USA), 1-(2-Hydroxyethyl)-3,3-dimethylindolino-6′-

nitrobenzopyrylospiran (SP1) (TCI Europe, Zwijndrecht, Belgium), N,N′-dicyclohexylcarbo-

diimide (DCC) (Sigma-Aldrich), 4-(dimethylamino)pyridine (DMAP) (Sigma-Aldrich), and 

Grubbs Generation-II catalyst (Sigma-Aldrich) were used as received. For the SP and 

poly(SP) synthesis, dry tetrahydrofuran and dry dichloromethane solvents were purchased 

from Sigma-Aldrich and used as received. Fused-silica micro-capillaries (100 µm ID, 375 µm 

OD) were purchased from Polymicro Technologies (Phoenix, AZ, USA). Acetonitrile (ACN) 

solvent used for solution and capillary studies was Sigma-Aldrich HPLC grade and was used 

without further purification.  

 

5.3.2 Synthesis of Spiropyran Norbornene Monomer (SP) 

 

The spiropyran monomer (SP) was prepared from the reaction of exo-5-norbornyl 

carboxylic acid with SP1 in the presence of DCC and DMAP as described elsewhere [9]. 

After synthesis, the resulting red wax was purified using silica gel column chromatography 
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and a solvent mixture of hexane: ethyl acetate (10:1). Crystals of SP, used to study the solid-

state photochromism, were grown by slow evaporation from hexane: ethyl acetate (10:1).  

 

5.3.3 Synthesis of Spiropyran Polymeric Brushes (polySP) 

 

Si-ROMP was performed using a previously described method [9]. Prior to 

functionalisation, the micro-capillaries (internal diameter of 100 µm and 15 cm length) were 

washed with acetone and water. Following this, the fused silica surface was activated by 

passing a solution of 0.2 M NaOH for 30 min at a flow rate of 0.25 µL min−1 through the 

micro-capillary using a syringe pump, followed by a 0.2 M HCl solution for 30 min at the 

same flowrate. The micro-capillary was rinsed profusely with deionised water and dried 

under N2 stream after both the acid and base treatments. Next, the micro-capillary was 

flushed with a 0.1 M solution of 7-octenyl trichlorosilane in dry toluene for 90 min at a flow 

rate of 0.25 µL min−1. The micro-capillary was then washed with acetone, dried under a N2 

stream, and left at room temperature for 24 h. Later, the micro-capillary was filled, in an inert 

atmosphere, with a 0.02 M solution of Grubbs Catalyst Second Generation in degassed 

CH2Cl2, sealed by rubber septa at both ends, and put in a water bath for 1 h at 45 °C. 

Following this, the catalyst-functionalised micro-capillary was thoroughly washed with 

degassed CH2Cl2 under inert atmosphere. Next, the micro-capillary was filed with SP 

monomer solution (0.5 M in degassed CH2Cl2), sealed at both ends using rubber septa, and 

put in a water bath at 50 °C for 1 h. The polymerisation was quenched by rinsing the micro-

capillary with ethyl vinyl ether. Finally, the polySP polymeric-brushes functionalised micro-

capillary was thoroughly washed with acetone to remove any physisorbed materials and dried 

under a N2 stream. 

 

5.3.4 Light Source 

 

Photo-conversion of the monomer solutions from SP to MC was achieved in a UVP CL-

1000 Ultraviolet chamber using a wavelength of 365 nm at a power level of 3.5 mW cm−2 for 

10 min (solutions) and 1–2 min (capillaries and crystals), respectively, to ensure full 

switching to the MC form. The white light irradiation was provided via a LMI-6000 LED 

Fiber Optic Illuminator obtained from Dolan-Jenner Industries and was used to switch the 

MC solutions and the polyMC coatings back to the closed SP and polySP forms, respectively. 
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The vials/capillaries were placed at 2 cm from the light source and were irradiated for 2–3 

min (solutions, crystals) and 10 min (capillaries), to ensure equilibrium interconversion. The 

maximum light output of the lamp was 780 Lumens, and the intensity control of the light 

output was fixed at 50%.  

 

5.3.5 Methods 

 

UV-Vis spectroscopy of the SP solutions in the presence of different metal ions was 

performed using a Cary 50 spectrophotometer (Varian, Palo Alto, CA, USA). Microscopy 

images of the micro-capillaries and microscopy images and videos of the SP crystals were 

captured on an Aigo digital microscope (The Dolomite Centre Ltd., Royston, UK) equipped 

with auxiliary objectives to allow a magnification of 60×, 180× and 540×, respectively. UV-

Vis spectroscopy was used to study the photo-binding and sensing of divalent metal ions to 

the poly(SP/MC) coatings while in different illumination conditions. The absorbance spectra 

were recorded using two fiber-optic light guides connected to a Miniature Fiber Optic 

Spectrometer (USB4000, Ocean Optics, Dunedin, FL, USA) and aligned using a cross-

shaped cell (Supplementary Materials, Figure A3.1). The light source used was a DH-2000-

92 BAL UV-NIR deuterium tungsten halogen source (Ocean Optics). The six metal ion 

solutions (in ACN) were passed through the micro-capillary at a constant flow rate of 0.5 µL 

min−1 using a syringe pump (PHD 2000 Syringe, Harvard Apparatus, Cambridge, MA, USA) 

and a glass Hamilton micro-syringe of 100 µL. The data from the spectrometer were 

processed using Spectrasuite software provided by Ocean Optics Inc. For clarity, each 

recorded absorbance spectrum was smoothed using Origin software with a Savitzky-Golay 

algorithm. The set-up used for metal ion detection after being photo-released from the micro-

capillary is described in detail in Appendix 3. 

The SP crystals were grown by slow evaporation from hexane: ethyl acetate (10:1 v/v) over 

several days to produce clear crystals. 
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5.4 Results and Discussion 

 

5.4.1 Photochromism of Spiropyrans 

 

Photochromism of spiropyran derivatives is reliant on the interconversion between the 

closed spiropyran (orthogonal) form and the open merocyanine (planar) form. For the most 

part, photochromism of spiropyran-derivatives has been largely studied in solution, but few 

derivatives are known to show photochromism in the crystalline state [24-26]. The common 

belief is that SP derivatives do not show solid state photochromism in crystals, though this 

has been disputed by Harada et al. [27] who demonstrated solid state photochromism in 

crystals for a range of spiropyrans and spirooxazines at low temperatures (−195 °C to −70 

°C).  

However, the SP monomer synthesised in this research exhibits rapid and reversible room 

temperature photochromism in the crystal state upon UV/white light irradiation (Video A3.1). 

Upon UV light (365 nm) exposure, the colour of the crystals rapidly changes towards purple 

(Figure 5.1(a); 1 min UV irradiation). 

 Progressive reversal of this process is indicated by decolouration produced by illumination 

with white light (Figure 5.1(b), 1 min, and Figure 5.1(c), additional 2 min). This effect is 

observed at room temperature (20 °C). Although the determination of the crystal structure in 

the two forms was attempted, as in previously reported cases [27], this was unfruitful, most 

likely because of the disorder arising from the co-existence of both SP and MC forms in the 

crystal lattice. Further investigation will be carried out to ascertain if photo-conversion takes 

place at crystal sites under lattice control or is restricted to crystal defects.  
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Figure 5.1. Crystals of the norbornene-spiropyran derivative (SP) exhibiting solid-state 

photoisomerisation under the following conditions: (a) 1 min UV irradiation, (b) additional 1 

min white light irradiation, and (c) additional 2 min white light irradiation. The strong purple 

colour in (a) is indicative of significant formation of the merocyanine isomer, whereas the 

lighter purple colour in (b) indicates co-existence of both isomers. The colourless crystals (c) 

indicate that the system has largely reverted to the spiropyran isomer. 

 

5.4.2 Metal Ion Binding – Solution Studies 

 

Solution studies have shown that the open MC form of the spiropyran norbornene 

functionalised monomer can bind certain metal ions in solution. An integral characteristic of 

spiropyran is the photo-cleavage of the Cspiro-O bond, which occurs during UV illumination, 

to generate the merocyanine form. The merocyanine possesses a negatively charged 

phenolate oxygen which serves as a potential site for cation binding [28-32]. In this context, 

there have been several research studies on SP-derivatives for metal ion binding, 

predominantly for divalent metal ions such as Zn2+ [32,33], Co2+ [10,33,34], Cu2+ [33,34], 

Ni2+ [30,33], and Cd2+ [35], in which binding generally happens in a 2:1 ratio of merocyanine 

to M2+, due to the coordination of the divalent metal ion by two MC phenolate anions [35]. 

Several research groups have attempted to increase the number of binding sites and achieve a 

1:1 binding ratio (merocyanine: M2+) through variation of the R group in the eighth position 

of the benzopyran ring to include methoxy [34] or allyl substituents [34], or by 

functionalising the indolic nitrogen with carboxylic acid [36], ester [37], or hydroxyl-

terminated moieties [34]. These groups can promote complex formation by offering 

additional sites to the merocyanine phenolate anion for stabilisation of the metal centre, 

resulting in a thermodynamically stable MC:M2+ complex [32]. However, the metal-ligand 

interaction is usually weak enough to allow disruption of the complex by the photo-induced 

ring closing reaction. Therefore, SP derivatives can be used as reversible chelators for metal 

ions. 
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The SP norbornene functionalised spiropyran ester, used in this study, has two potential 

binding sites for the metal ion; the phenolic oxygen of the MC form, and carbonyl oxygen of 

the ester side chain, and could potentially allow for both 1:1 and 2:1 (MC:M2+) binding 

ratios. The MC−M2+ complexes have been successfully characterised in solution using UV-

Vis spectroscopy. In the presence of the MC form, certain metal ions exhibit a unique 

colorimetric response, due to formation of the metal ion complexes (Figure 5.2(a–c)). The 

colourless, ring-closed spiropyran (SP) shows no absorption in the visible region. After 

irradiation of the solution with UV light (2 min), the ring-opened merocyanine (MC) form is 

clearly visible, characterised by an intense absorption at ~570 nm, specific to the zwitterionic 

MC form. Upon complexation with Ni2+, Cd2+, Co2+, Zn2+, and Cu2+ ions, there is a decrease 

in the long wavelength absorbance at 570 nm, along with a significant hypsochromic shift in 

absorbance band, which is dependent on the metal ion contained in the solution. This blue 

shift of the absorbance band is due to a disruption in planarity of the trans-MC that occurs 

upon complexation. The MC:Ni2+ complex yields a small hypsochromic shift of 40 nm (λmax 

≈ 530 nm. The MC:Co2+ and MC:Zn2+ complexes exhibit blue shifts of 70 nm (λmax ≈ 500 

nm) and 90 nm (λmax ≈ 460 nm), respectively. Shifts in the λmax can be attributed to the 

disruption of planarity in trans-MC [18]. In the case of some of the metal ions (Ni2+, Co2+, 

Cd2+), as seen in Figure 5.2 (d), the characteristic MC absorbance band still remains. This 

suggests that under the same experimental conditions (1.5 × 10−3 M SP in ACN, 2:1 molar 

ratio SP:M2+, and identical illumination conditions), the MC presents different binding 

affinities for different metal ions. The co-existence of both absorbance features characteristic 

of the free MC and the MC:M2+ complex is evidence of an equilibrium between the two 

forms. Irradiation of the solutions with white light caused the disappearance of the band 

characteristic to MC and MC:M2+, indicating reversible binding for all cases except Cu2+ 

(Figure 5.2(c)). While this result is somewhat surprising, it has been previously demonstrated 

by Natali et al. [33] that the merocyanine:Cu2+ interaction is rather “curious”, as it can lead to 

the formation of stable SP dimers mediated by Cu2+. We believe a similar symmetric dimer is 

obtained in the case of this SP in the presence of Cu2+ analogous to that suggested by Natali 

et al. [33]. 
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Figure 5.2. Images (a–c) and UV-Vis spectra (d) of the SP solutions in ACN (1.5 × 10−3 M) in 

the presence of various divalent metal ions (molar ratio SP:M2+ 2:1); (a) initial solutions before 

illumination; (b) after 10 min of UV light illumination; (c) after 10 min of white light 

illumination; (d) UV-Vis spectra of solutions shown in (b). As it can be observed from the 

images (a,c) and UV-Vis spectra (d), in the current experimental conditions (M2+ concentration 

in ACN is 0.75× 10−3 M), no absorbance band due to the presence of M2+ salt alone was 

observed in the visible region of the spectrum.  
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To evaluate the potential of the MC form of the SP norbornene functionalised spiropyran 

ester as a quantitative probe for divalent metal ions, MC was subjected to UV-Vis titrations 

with increasing concentrations of Co2+ and Cu2+, respectively. Figure 5.3 shows the 

absorbance spectra of MC (1.5 × 10−3 M SP in ACN) in the presence of increasing 

concentrations of Co2+. As observed, the absorbance band specific to the MC form is seen to 

decrease with increasing Co2+ (0–0.15 mM), with the simultaneous appearance of a new 

shoulder at ~500 nm. Increasing the concentration of Co2+ even further (0.15 mM–1.5 mM) 

causes the appearance of the MC:Co2+ band centred at λmax ≈ 500 nm, which induced a colour 

change from purple (MC) to red (MC:Co2+). A linear dependence of the ratio of the 

absorbance at λmax ≈ 500 nm (MC:Co2+) and the absorbance at λmax ≈ 570 nm (MC) as a 

function of concentration of Co2+ for concentration ranges 0–0.15 mM and 0.33–1.5 mM 

(Figure 5.3, inset) was observed.  

Similarly, the spectrophotometric titration of MC (1.5 × 10−3 M SP in ACN) with Cu2+ (0–

1.5 mM) was also investigated under the same conditions (2 min of UV irradiation). In this 

case, the absorbance band specific to MC (λmax ≈ 570 nm) disappeared completely once the 

concentration of Cu2+ was increased upon 0.03 mM and a new absorbance band specific to 

MC:Cu2+ was observed, centred at 430 nm. A linear dependence of this absorbance band 

(λmax ≈ 430 nm) as a function of Cu2+ concentration was observed (Figure 5.4, inset). No 

noticeable difference in the MC binding behaviour was observed when the Co2+ or Cu2+ 

solutions containing 10−3 M Na+. This result is expected, as MC dyes are not known to bind 

monovalent metal ions. 
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Figure 5.3. Absorbance changes of the SP solutions in ACN (1.5 × 10−3 M) in the presence of 

increasing concentrations of Co2+ (0–1.5 mM) after irradiation with UV light; Inset shows the 

linear dependence of the ratio of the absorbance at λmax ≈ 500 nm (MC:Co2+) and the 

absorbance at λmax ≈ 570 nm (MC) as a function of concentration of Co2+ for concentration 

ranges 0–0.15 mM and 0.33–1.5 mM. 

 

 
 

Figure 5.4. Absorbance changes of the SP solutions in ACN (1.5 × 10−3 M) in the presence of 

increasing concentrations of Cu2+ (0–1.5 mM) after irradiation with UV light; Inset shows the 

linear dependence of the absorbance at λmax ≈ 430 nm (MC:Cu2+) as a function of Cu2+ 

concentration (0–0.8 mM). 
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5.4.3 Metal Ion Binding – Micro-capillary Studies 

 

Coating of the glass micro-capillaries was performed using ring-opening metathesis 

polymerisation, as described in the experimental section, to produce a 2–3 µm homogenous 

coating (Figure A3.2) comprised of colourless spiropyran (SP) homopolymeric brushes. We 

have previously characterised such polymeric brushes [9], in addition to their UV-induced 

photochromism [9] and solvatochromic properties [10]. Figure 5.5 shows the colour of the 

micro-capillary post UV light irradiation in the presence of divalent metal ions and the 

corresponding UV-vis spectra. Upon irradiation with UV light, the SP form (non-binding) 

(Figure 5.6(a)) is converted to the polar MC form that exhibits metal ion chelation 

capabilities (Figure 5.6(b)). When certain divalent metal ion solutions (e.g., Cu2+, Co2+, Cd2+, 

Ni2+, Zn2+) are passed through the coated micro-capillary in a continuous flow, metal ions are 

bound by free MC sites (Figure 5.6(c)) in the capillary coating through the spontaneous 

formation of polyMC:M2+, signalled by clearly visible changes in the colour of the micro-

capillary (Figure 5.5). Subsequent irradiation of the micro-capillary with white light causes 

the MC:M2+ to revert to the SP form and the bound metal ion is released (Figure 5.6(d)). 

Simultaneously, the micro-capillary reverts to colourless and the passive SP-coating is 

regenerated (Figure 5.6(a)). The change in colour of the micro-capillary upon UV irradiation 

in the absence or presence of the different metal ion solutions under continuous flow (0.5 µL 

min−1) was recorded using the set-up described in Figure A3.3. The corresponding spectra 

are presented in Figure 6(b). UV-Vis spectroscopy studies of the SP polymer (polySP) brush 

films on the micro-capillary revealed that UV irradiation leads to a strong absorbance in the 

visible region centred at approximately 565 nm, corresponding to conversion of the SP-

functionalised norbornene polymer to the MC form (polyMC). As in the case of the monomer 

in solution, this absorbance λmax is shifted to lower wavelengths in the presence of the metal 

ions in the order: MC (λmax ≈ 565 nm) > MC:Ni2+(λmax ≈ 534 nm) > MC:Cd2+(λmax ≈ 522 

nm) > MC:Co2+(λmax ≈ 508 nm) > MC:Zn2+(λmax ≈ 489 nm) > MC:Cu2+(λmax ≈ 430 nm). 

The fact that the absorption characteristic of the MC unbound form does not appear in any of 

the polyMC:M2+ spectra, indicates that polyMC is extensively involved in the complex 

formation. A broadening of the absorption bands is also observed compared to the solution 

studies (Figure 5.2(d)). The coated micro-capillary represents a self-indicating, photo-

controlled system that can report its status—passive, active (free), bound with metal ion 

through changes in colour/absorbance; and to some extent, it is possible to distinguish which 

metal ion is bound from differences in the visible absorbance spectrum. As in the case of 



 124 

solution studies, it was observed that the binding process was reversible for each of the metal 

ions (Figure A3.4) except for Cu2+.  

 

 
Figure 5.5. Images (a) and absorption spectra (b) of the coated micro-capillaries when solutions 

of different metal ions in ACN (10−3 M) are passed through the micro-capillary after irradiation 

for 1 min with UV light. 

 

 
Figure 5.6. Schematic representation of the metal ion binding, sensing, and release cycle in the 

SP polymeric brushes coated micro-capillary. (a) polySP coated micro-capillary before 

irradiation; (b) formation of polyMC upon UV irradiation; (c) binding of M2+ to polyMC 

coating; (d) photo-controlled release of M2+ upon white light irradiation and regeneration of 

polySP coating. 
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Co2+ was selected for further study on the basis of its very clear spectral shift from free MC 

to MC:M2+. In addition to the spectral changes inherent to the ion binding and release 

observable from the coating in the capillary, detection of free Co2+ released from the 

poly(SP) functionalised micro-capillary upon white light irradiation was evaluated using a 

post column reaction with 4-(2-pyridylazo)resorcinol (PAR). PAR is a well-known chelating 

reagent, offering multiple coordination possibilities for metal ions [38,39] through a pyridyl 

nitrogen, azo group and o-hydroxyl group, as shown in Figure A3.5. This results in an easily 

identifiable PAR:Co2+ coloured complex with a λmax at ~510 nm, as shown in the UV-Vis 

spectra in Figure A3.6. The set-up used for recording the absorbance at 510 nm before and 

after irradiation of the poly(MC) functionalised micro-capillary with white light (release) is 

shown in Figure A3.7. Figure 5.7 shows the monitoring of the absorbance at 510 nm 

(characteristic for the PAR:Co2+ coloured complex) as a function of time. Several stages (1–

5) are identified (Figure 5.7), in relation to the state of the functionalised micro-capillary 

(Figure 5.6), as described below:  

Passive form (polySP) in the presence of solvent; capillary is colourless, no Co2+ present; 

low baseline signal at 510 nm (Figure5. 6a).  

UV source ON; passive polySP converted to active binding polyMC form; capillary has a 

purple colour (Figure 5.2(b)); no Co2+ present; low baseline signal at 510 nm (Figure 5.7(b)). 

Co2+ is injected in the mobile phase; capillary indicates binding by colour change to a 

reddish colour (Figures 5.2(c) and 5.7(c)); large peak at 510 nm is due to the detection of 

unbound Co2+ passing through the micro-capillary.  

Switch back to solvent without Co2+; signal returns to baseline indicating unbound Co2+ 

has been removed. Capillary still has a reddish colour suggesting bound Co2+ is present in the 

coating (Figure 5.7(c)). 

White light source is turned ON; coating reverts to colourless (polySP) passive form; 

bound Co2+ is simultaneously released (Figure 5.7(d)) and detected as the peak at ca. 30 min.  

This experiment confirms the release of Co2+ from the micro-capillary upon white light 

irradiation. In the case of Cu2+, the micro-capillary maintained its yellow colour after the 

binding event, despite white light irradiation. This suggests that the dimer formation 

mentioned previously is also occurring in the polymeric brushes.  
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Figure 5.7.  Absorbance at 510 nm recorded on a USB400 spectrometer over time, using the set-

up depicted in Figure A3.7. Five stages (1–5) are identified as described in the text; The 

increase of the absorbance band centred at 510 nm indicates the presence of PAR-Co2+ 

complex; Bottom bar indicates the state of the functionalised micro-capillary as per Figure 6: 

(a) polySP coated micro-capillary before irradiation; (b) formation of polyMC upon UV 

irradiation; (c) binding of Co2+ to polyMC coating; (d) photo-controlled release of Co2+ upon 

white light irradiation and regeneration of polySP coating. 

 

5.5 Conclusions 

 

Herein, we have demonstrated the photochromism of a norbornene-functionalised 

spiropyran derivative and its ability to reversibly bind divalent metal ions present in solution, 

accompanied by significant variations in the visible absorbance spectrum. Micro-capillaries 

were coated with spiropyran polymer brushes using ROMP chemistry, and the resulting flow 

system was found to exhibit self-indication of status (passive, active, metal-ion bound) 

through a colorimetric response. In addition, this metal ion uptake and release behaviour is 

photo-controlled using external light sources. Although photo-controlled metal ion detection 

using spiropyran derivatives has been previously demonstrated by us [17] and others [33-37], 

this represents the first example in which photo-controlled uptake and release has been 

demonstrated within a micro-capillary system using polymeric brushes, in a continuous flow 

regime. Although, without doubt, there are many specific sensor molecules for quantitative 
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metal ion detection, the ability to achieve a self-indicating flow-system, capable of photo-

controlled binding and release, may prove to be of particular importance for the integration of 

advanced bioinspired functionalities in microfluidic systems. The use of light to trigger the 

chelator offers unique opportunities that minimise waste generation and power requirements. 

In addition, advances in the integration of LED (light emitting diode) sources in the system 

hold promise for the production of low cost miniaturised systems.  
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6.1 Photo-induced Actuation of Micro-cantilevers Coated with Spiropyran 

Monolayers 

 

6.1.1 Introduction 

 

As previously mentioned, spiropyrans represent one of the most popular families of 

photochromic molecules. Upon irradiation with UV light, the spiropyran molecule 

converts to the more polar merocyanine (MC) form due to the photo-cleavage of the 

Cspiro-O bond. When the MC form is exposed to visible light, the structure returns to 

the less polar spiropyran (SP) form.  In this work, a dithiolane -spiropyran derivative 

was produced, namely 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’yl)-5-

(1,2-dithiolan-3-yl) pentanoate (Dithiolane-SP). Further, the Dithiolane-SP was used 

to functionalise gold coated-silicon substrates with self-assemble monolayers 

(SAMs), including flat silicon wafers and micro-cantilevers. Cantilever deflection was 

studied under different illumination conditions (UV and white light), in order to 

investigate the effect of SP-MC photo-conversion on surface stress and therefore 

cantilever deflection. 

 

6.1.2 Materials 

 

N,N’-dicyclohexylcarbodiimide (purity ≥99.0%) (DCC), 4-N,N-dimethylamino-

pyridine (purity ≥99.0%) (DMAP), α ± lipoic	acid	(purity ≥98.0%), dichloromethane 

(DCM), and ethyl acetate were purchased from Sigma Aldrich (Germany), and were 

used as received. 2-(3’,3’-dimethyl-6-nitrosoiro[chromene-2,2’-indolin]-1’-yl)ethanol 

(purity >93.0%) was purchased from TCI (United Kingdom), and was used as 

received. 

Silicon wafers were purchased from University-Wafer, USA (Mech Grade 100mm 

N Type). 

 

6.1.3 Synthesis of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’yl)-5-

(1,2-dithiolan-3-yl)pentanoate Monomer (Dithiolane-SP) 

 

The synthesis of Dithiolane-SP was produced from the reaction of 2-(3’,3’-

dimethyl-6-nitrosoiro[chromene-2,2’-indolin]-1’-yl)ethanol (Nitro-SP) and α ±
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lipotic	acid in the presence of DCC and DMAP using DCM as the solvent, as 

described by Ivashenko et al.[1]. After 24h, the by-product, dicyclohexylurea, was 

filtrated and the solvent was evaporated by vacuum filtration using a rotary 

evaporator. The obtained red solid was purified by column chromatography using 

1:5:1 (V:V:V) hexane: DCM : ethyl acetate as the mobile phase. The reaction scheme 

of this synthesis is shown in Figure 6.1 
 

 
Figure 6.1. Schematic of the reaction of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-

indolin]-1’-yl)ethanol (Nitro-SP) and , ± -./0.1	21.3 in the presence of DCC and DMAP to 

produce 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’yl)-5-(1,2-dithiolan-3-yl) 

pentanoate (Dithiolane-SP). 

 

6.1.4 Methods  

 

H1-NMR and 13C-NMR spectra were obtained on a Bruker Avance 400MHz NMR 

using CDCl3 used as the solvent.  

UV-Vis spectra of Dithiolane-SP were recorded in DCM (10-4M) and Ethanol (10-

5M), respectively. For the MC spectra, the solutions were irradiated prior to analysis 

for one minute with UV light in a CL-1000 Ultra Violet chamber. The UV-Vis spectra 

were recorded on a Varian Carey 50 probe spectrophotometer.  

The repeated switching of the MC-SP isomerisation were recorded in EtOH (10-5M) 

in real-time by measuring the absorbance at λmax=545 nm, under cycles of UV and 

white light irradiation. Measurements were taken in 1 s intervals for 1 h. The samples 

were exposed to UV light, until the absorbance value began to stabilise. Once the 
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values stabilised, the samples were exposed to white light, until the absorbance value 

stabilised. This process was repeated four times. 

The flat substrates used were silicon wafers which were cleaned and coated with 

gold, using a Quorum Q150T S gold sputter coater (gold sputtering conditions: 

current 20 mA, time 60 s (thin layer) and 180 s (thick layer), respectively)  

These substrates then underwent functionalization with dithionale-SP SAMs 

(Figure 6.2). 

  

 
Figure 6.2. Functionalisation of gold coated silicon wafer with dithiolane-SP SAMs. 

 

For this purpose, three dithionale-SP solutions in DCM were used (total 

concentration 10-4 M), as follows: dithionale-SP (Figure 6.3A); dithionale-SP: lipoic 

acid 1:1 molar ratio (Figure 6.3B); and dithionale-SP: lipoic acid 1:3 molar ratio 

(Figure 6.3C). The substrates were immersed in their respective solutions overnight, 

and then gently washed with DCM and dried under a gentle stream of nitrogen gas. 
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Figure 6.3: Schematic of gold coated substrates functionalised with (a) 100% dithiolane-SP; 

(b) 1:1 (molar ratio) dithionale-SP: lipoic acid and (c) 1:3 (molar ratio) dithionale-SP: lipoic 

acid. 

 

The contact angle of the functionalized flat substrates was measured using an 

FTÅ200. Measurements were taken for each substrate after UV and white light 

irradiation, respectively, in the dry state. Measurements were also taken after UV and 

white light irradiation in ethanol, followed by drying the substrate under nitrogen gas 

prior to measurement, in order to investigate the influence of photo-induced switching 

in the wet state.  

Prior to functionalization, the gold-coated micro-cantilevers were imaged by 

scanning electron microscopy (SEM), using a Carl Zeiss EVOLS 15. The system was 

kept at an accelerating voltage of 14.64 kV.  
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As in the contact angle study, different ratios of dithiolane-SP: lipoic acid solutions 

were used for the functionalisation of the micro-cantilevers.  

Cantilever deflection measurements were carried out by Catherine Grogan (Focas 

Institute, D.I.T.), using a Veriscan 3000 by Protiveris Inc system. Once a baseline was 

established, individual cantilevers were exposed to UV light for 10 minutes. After 10 

minutes, the UV light was removed, and the cantilevers were left for 10 minutes to re-

establish a new baseline. Once this baseline was established, white light was 

introduced to the cantilevers for 10 minutes, and then they were left for 10 minutes to 

establish a new baseline. This process was repeated several times. 

 

6.1.5 Results and Discussion 

 

6.1.5.1 Analysis of dithiolane-SP  

 

To ensure accurate peak assignment of the product (dithiolane-SP), 1H-NMR in 

CDCL3 was carried of both starting materials, Nitro-SP and α ± lipoic	acid (Figure 

6.4 and 6.5 respectively). 

 

 
Figure 6.4.  H1-NMR spectra of, 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-

yl)ethanol (Nitro-SP). 1H-NMR (CDCl3): δ 1.21 (s, 3H), 1.31 (s, 3H), 3.38 (m, 2H), 3.75 (m, 

2H), 5.90 (d, 1H), 6.69 (d, 1H), 6.92 (d, 1H), 6.94 (m, 2H), 7.11 (d, 1H), 7.20 (m, 1H), 8.01 

(m, 2H). 
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Figure 6.5.  H1-NMR spectra of .	3.4ℎ.0-267,	1H-NMR (CDCl3): δ	 1.52 (m, 2H), 1.71 (m, 

4H), 1.94 (sext, 1H), 2.41 (t, 2H), 2.49 (sext, 1H), 3.16 (m, 2H), 3.60 (sext, 1H), 5.33 (s, 2H). 

 

The identification and assignments of the peaks in the 1H-NMR of product are 

shown below (Figure 6.6). These assignments were further confirmed from prior 

literature [1].  

 
Figure 6.6. H1-NMR spectra of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’yl)-

5-(1,2-dithiolan-3-yl)pentanoate (dithiolane-SP), 1H-NMR (CDCl3): δ 1.18 (d, 3H), 1.21 (m, 

4H), 1.34 (m, 3H), 1.53 (m, 5H), 1.80 (sext, 1H), 2.19 (m, 2H), 2.34 (sext, 1H), 3.02 (m, 2H), 

3.09 (m, 1H), 3.34 (m, 2H), 4.09 (m, 1H), 4.17 (m, 1H), 5.81 (d, 1H), 6.63 (d, 1H), 6.68 (d, 

1H), 6.81 (m, 2H), 7.02 (d, 1H), 7.12 (t, 1H), 7.94 (m, 2H). 
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The 13C-NMR further confirms the production of dithiolane-SP (Figure 6.7). 

 

 

 
Figure 6.7. 13Carbon-NMR spectrum of 2-(3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-

indolin]-1’yl)-5-(1,2-dithiolan-3-yl) pentanoate  (dithiolane-SP), 13C-NMR (CDCl3): δ 19.85, 

24.54, 25.90, 28.74, 31.00, 33.92, 38.50, 40.24, 42.39, 52.85, 56.31, 62.43, 106.74, 115.57, 

118.42, 119.92, 121.77, 121.85, 125.99, 127.85, 135.61, 141.03, 146.70, 159.43, 173.31, 

207.17. 

 

6.1.5.2 Spectroscopic Analysis 

 

The UV/Vis analysis was carried out as described above.  The absorbance spectra 

of the dithiolane-SP solutions (10-4 M in DCM and 10-5 M in ethanol) were recorded 

after UV and white light exposure, respectively (Figure 6.8 and 6.9).  



 139 

  
Figure 6.8. The absorption spectrum of a 10-5 M solution of dithiolane-SP in ethanol, under 

different illumination conditions.   

The absorption spectrum in Figure 6.8 shows the difference in absorption of 

dithiolane-SP after UV light and white light exposure. The UV irradiation data 

represents the MC isomer which has a lmax of ~550 nm. When the same analysis is 

carried out for a 10-4 M solution of dithiolane-SP in DCM, the MC peak shifts to a 

higher wavelength of ~590 nm (Figure 6.9). The difference in the MC lmax values is 

due to the solvatochromic properties of MC isomers.  

 

Figure 6.9. Graph depicting the solvatochromic effect of dithiolane-MC isomer that shows a 

different absorption lmax in solvents of different polarity (DCM and Ethanol).  

 

The reversible switching process between SP/MC was repeated several times as 

described in the experimental section. Under UV irradiation, the dithiolane-SP (10-4 

M solution in ethanol) isomerized to the MC form, causing an increase in the 
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absorbance at lmax 550 nm. Once the absorbance stabilized, white light was 

introduced. This led to a dramatic drop in the absorbance at lmax 550 nm, indicating 

that the MC form had reversibly switched back to the SP form. This process was 

repeated four times. The graph shows that the photo-induced isomerization happens 

rapidly, and that the isomers stabilize relatively fast. Both ring opening and ring 

closing switching was measured in triplicate. 

 

 
Figure 6.10. The UV/Vis cycles following SP and MC isomerisation. UV irradiation causes 

the switching of the SP to the MC form, resulting in an increase in the absorbance at lmax 550 

nm, until equilibrium is reached. Following this, the UV light is removed and replaced with 

white light, causing the switching back to the SP form. This process is monitored through the 

decrease in the absorbance at lmax 550 nm. The cycle is repeated four times. 

 

6.1.5.3 Contact Angle 

 

The contact angle analysis was carried out with the purpose of investigating if there 

is a change in the hydrophilicity of the functionalised substrate after different 

illumination conditions. After UV illumination it would be expected that the contact 

angle would be smaller due to the more hydrophilic MC isomer being present. 

Similarly, after WL illumination the contact angle would be expected to be larger due 

to the more hydrophobic spiropyran form being present (Figure 6.11).  
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Figure 6.11. Isomerisation of dithiolane-SP SAMs, between the SP and the MC form after 

specific illumination conditions.  

 

With a purpose of finding the optimal conditions for functionalisation, two different 

thicknesses of gold were used, and different ratios of dithiolane-SP to lipoic acid were 

used during the functionalisation process. For the “thin gold layer”, gold was 

sputtered for 60 s at 20mA, while for the “thick gold layer”, gold was sputtered for 

180 s at 20mA.  For both types of gold thicknesses three different dithiolane-SP ratios 

were used; 100% dithiolane-SP, 1:1 (molar ratio) dithiolane-SP: lipoic acid and 1:3 

(molar ratio) dithiolane-SP: lipoic acid. A bare silicon wafer was also used as a 

control (Figure 6.12).  

 
Figure 6.12.  Contact angle graphed data of functionalised gold slides with different ratios of 

Dithoilane-SP: Dithoilane prior to illumination. (a)thin gold layer (b) thick gold layer  
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think gold layers. Using the 1:3 dithiolane-SP:	α ± lipoic	acid coated substrates, the 

contact angle was measured during successive UV/WL irradiation cycles in the dry 

(Figure 6.13a) and wet states (Figure 6.13b). 

 

 
Figure 6.13.  Contact angles obtained for the thin gold layer functionalised with SAMs using  

1:3 dithiolane-SP:	, ± -./0.1	21.3 solution; (a) UV and WL illumination cycles were  

carried out in dry conditions; (b) UV and WL illumination cycles were carried out in ethanol. 

 

Figure (6.13) shows that the SP-MC isomerisation process is repeatable in both dry 

and wet states. When in the SP state, the SAM-coated substrate shows a higher 

contact angle due to the more hydrophobic nature of the SP, whereas the MC form 

produces a lower contact angle. However, when the illumination cycles are carried out 

in dry conditions (Figure 6.13 (a)) there are inaccuracies in the degree of 

reproducibility of the contact angle. The SP form in (a) gives a contact angle range of 

63-74° and the MC form gives a contact angle range of 46-59°. These ranges are 

relatively large when compared to the data obtained from the UV/WL cycles during 

immersion in ethanol (Figure 6.13 (b)). This method produced a more consistent and 

reproducible SP contact angle range (58-61°) and a MC contact angle range (37-46°). 

This difference between the two methods could be partially due to the improved 

isomerisation in the wet state. 
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6.1.5.4  Scanning Electron Microscopy 

 

The images obtained from SEM analysis (Figure 6.14) illustrate the type of 

cantilevers used in this study, which were gold-coated silicon cantilevers. The top left 

image is a schematic of the cantilever showing the cantilever numbering in each well. 

Well 1 was kept as a reference and only the remaining wells (2-4) were functionalised 

as previously described.  

 

 

Figure 6.14. Schematic of cantilevers with cantilevers numbering in each well (top left) along 

with SEM images of the cantilevers at different magnifications. 

1 2 3 4
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6.1.5.5 Cantilever Deflection 

 

Figure 6.15 (a,b) shows the downward deflection of the dithiolane-SP coated micro-

cantilevers, which occurs as a result of UV irradiation. When UV light was introduced 

to the cantilever (t ~ 1200 s), there was a downward deflection, which appeared more 

significant in the case of the functionalized cantilevers. The difference in deflection 

between the reference cantilever (represented by A0 in Figure 6.15 (a)) and the two 

functionalized cantilevers (represented by B3 and C3 in Figure 6.15 (a)) is ~6 nm. 

Although this is a relatively low change in deflection, it still confirmed that the 

cantilevers can measure small changes within the nm region, occurring due to 

structural changes of SP to MC. Although there is a small drift observed around 1400 

s, but there is no major change in deflection after this time. Similarly, Figure 6.15 (c) 

and (d) show the deflection experienced by the cantilevers upon white light exposure. 

To establish a baseline between UV and WL exposure, a 10-minute waiting period is 

executed. It is feasible that, during the waiting period the MC switches back to SP, 

however it is not possible to determine if this occurred from the data obtained. WL 

was introduced to the system at 1200 s, and there was a very small upward deflection 

experienced by the cantilever. The deflection appears to stop around 1300 s, and then 

a drift occurs. This would suggest that the MC à SP process occurs rapidly (within 

100 s) and that there is little impact of the SP on the surface stress (the difference in 

deflection is very small ~ 1 nm).  

More investigations will be required in order to test the reproducibility of the 

deflection caused by SP-MC switching. Further investigations will also be carried out 

in order to investigate the effect of dithiolane-SP: lipoic acid molar ratio on the 

cantilever deflection. Only the 100% dithiolane-SP functionalised cantilevers were 

investigated during the duration of this investigation. The effect of the dithiolane-SP: 

lipoic acid ratio on cantilever deflection will be examined to determine the optimum 

coating.  
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Figure 6.15. (a) Reference and cantilever response to UV irradiation for cantilever 

functionalised with 100% dithiolane-SP solution; A0 is the reference cantilever. (b) 

Difference in deflection between the reference cantilever and the functionalised cantilevers. 

There was a relatively small difference in deflection, which was in a downward direction. (c) 

Reference and cantilever response to white light irradiation for cantilever functionalised with 

100% dithiolane-SP solution; A1 is the reference cantilever. (d) Difference in deflection 

between the reference cantilever and the functionalised cantilevers. There was a relatively 

small difference in deflection, which was upwards, back to the original position prior to UV 

light irradiation. 

 
 

6.2 Photo-responsive Free Moving ‘Origami’ Materials  

 

Biological systems in nature have demonstrated great functions responsive to external 

stimuli. Some examples include the motion of the earthworm, the camouflage attained 

by the octopus, the rapid closure of the Venus flytrap upon insect touch or the opening 

of the pine cone in humid environments [2]. Stimuli-responsive materials have 

become an increasing area of research in recent years, and in particular soft stimuli-

responsive materials have shown great potential due to their flexibility, size and shape 

changes observed in response to external stimuli.  

A subclass of stimuli-responsive materials that has become popular is self-

folding/bending origami systems. The term origami comes from Japanese and 

signifies the art of folding paper.  Although originating as an art form, origami has 
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become an intriguing new research prospect in the materials science community [3]. 

Some of the possible applications for scientific origami are; foldable solar panels, 

origami stents for medical use [4], self-folding polymer sheets [5] and self-moving 

polymer materials. Self-folding or self-moving polymer materials are becoming an 

interesting research field as they can be used in a wide variety of applications such as 

drug delivery systems [6], DNA-polymer tubes [7,8] and electronics [9,10]. So far, 

the production of ‘origami’ soft polymeric materials has been proposed in a few ways;  

1. polymerising a polymeric hydrogel sheet and actuate specific regions to 
promote bending [11,12];	

2. polymerisation using photo-masks [13];	
3. 3D printing[14]; 	
4. Two- photon photolithography [14]	

In Chapter 4 ‘walkers’ were successfully developed by creating an arc shaped 

hydrogel composed of poly(NIPAAm-co-SPA-co-AA) that “walked” across a pre-

designed ratchet system. Going forward, one method we propose is an origami styled 

folding “hinge type” polymeric material (Figure 6.17) containing desired bending 

points with pre-programmable actuation. In this case, the two non-active substrates or 

inactive polymer films would be joined by a photo-responsive hydrogel like the one 

used in Chapters 3 and 4. This photo-active layer would be put in place using a photo-

mask system or by 3D printing on to the substrates. Possible future applications for 

such actuators include valves, pumps or mixers in microfluidic devices.  

 

 
Figure 6.16. Proposed hydrogel self-moving origami style hinges. 
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A second design that we propose is a self-folding cube or tetrahedron using 

poly(NIPAAm-co-SPA-co-AA) material that would be “closed” when exposed to 

white light and “open” in the dark. If this proves to be successful it could 

subsequently used for chemical delivery, releasing the specific species upon white 

light irradiation.  

 
Figure 6.17. Proposed hydrogel self-folding 3D shapes: (a) cube (b) tetrahedron. 

 

6.3 Further studies  

 

The ideas summarised in this chapter are only a few potential concepts of further 

research for the spiropyran derivatives discussed. However, the realisation of these 

approaches is still to be established. In my opinion, the incorporation of stimuli-

responsive materials remains vital in the advancement of the microfluidics and soft 

robotics fields.  
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Single-Crystal X-ray Diffraction:  

The structure of SP-A was solved and refined using the Bruker SHELXTL Software 

Package, with a P21/c space group, for Z = 4. Representation of the Single-Crystal X-

ray Diffraction structure of SP-A is shown in Figure A1.1. Full crystal data and 

structure refinement are presented in Table A1.1. 

 

 

Figure A1.1. Representation of the Single-Crystal X-ray Diffraction structure of SP-A. 

(a) Single molecule structure with thermal ellipsoids at 50%; (b) shows the packing in 

the crystal lattice, offset along the a-axis. Hydrogen atoms are removed for clarity. 

Red: Oxygen; Blue: Nitrogen. 

 

 

 

(a)

(b)
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Table A1.1:  Crystal data and structure refinement for SP-A 

Empirical formula  C22H21NO3 

CCDC 1475017 

Formula weight  347.40 

Temperature  297.78 K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.520(3) Å a= 90°. 

 b = 21.866(6) Å b= 100.443(9)°. 

 c = 7.630(2) Å g = 90°. 

Volume 1890.1(9) Å3 

Z 4 

Density (calculated) 1.221 Mg/m3 

Absorption coefficient 0.081 mm-1 

F(000) 736 

Crystal size 0.27 x 0.23 x 0.14 mm3 

Theta range for data collection 2.589 to 28.394°. 

Index ranges -15≤h≤15, -29≤k≤29, -9≤l≤10 

Reflections collected 43348 

Independent reflections 4690 [R(int) = 0.0520] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.6810 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4690 / 0 / 238 

Goodness-of-fit on F2 1.029 

Final R indices [I>2σ(I)] R1 = 0.0629, wR2 = 0.1492 

R indices (all data) R1 = 0.1055, wR2 = 0.1736 

Largest diff. peak and hole 0.293 and -0.223 e.Å-3 
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Hydrogel fabrication:  

Hydrogel discs were photo-polymerised using a photo-mask that had a 1mm 

diameter circle pattern. An “in-house cell” was fabricated to make the hydrogels discs, 

consisting of a bottom glass slide and a glass cover slide separated by a 250 µm high 

spacer made out of Poly(methyl methacrylate)/pressure sensitive adhesive 

(PMMA/PSA) and the photo mask placed on top of the cover slide.  

 
 

Figure A1.2. Schematic of “in-house” cell used for hydrogel fabrication. 

 

The chosen monomeric cocktail was used to fill in the cell by capillary forces. Once 

the cell was filled with the specific cocktail, it was exposed to white light through the 

photo-mask for a predetermined time (20-30 s) depending on the polymerisation 

solvent used. Following polymerisation, the hydrogel discs were washed gently with 

ethanol to remove any unpolymerised cocktail and finally washed with deionised 

water. The washed hydrogels were then placed in deionised water for 4-6 hrs to 

ensure full hydration. All of the hydrogels in this study were fabricated in this fashion. 

 

Rheology:  

The rheology curing study was carried out to investigate the effect different 

polymerization solvents have on the curing times and mechanical properties of the 
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resulting hydrogels. Each sample cocktail was made up to 1 ml and this quantity was 

placed under the CP50-2 Anton Paar rheometer tool having an angle of 1.996°. Once 

the tool was lowered on to the cocktail sample the experiment was initiated, after 60 s 

the white light was switched on and remained this way for a further 8 mins.  

 

Figure A1.3. Photo curing of hydrogels produced when the polymerisation solvent was 

THF: deionised water ((V:V) 4:1, 2:1 and 1:1). White light polymerisation was 

initiated after 60 s. 

 

Figure A1.4. Photo curing of hydrogels produced when the polymerisation solvent was 

Dioxane: deionised water ((V:V) 4:1, 2:1 and 1:1). White light polymerisation was 

initiated after 60 s. 
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Figure A1.5. Photo curing of hydrogels produced when the polymerisation solvent was 

Acetone: deionised water ((V:V) 4:1, 2:1 and 1:1). White light polymerisation was 

initiated after 60 s. 

 

SEM study:  

The hydrogel samples were first swollen in DI water, and then frozen with liquid 

nitrogen and subsequently freeze-dried. The samples were kept overnight at 0.035 

mBar pressure and temperature of -40 °C.  Samples were attached onto silicon wafers 

and coated with 10 nm gold layer prior to imaging. The freeze-dried hydrogels were 

imaged using Scanning Electron Microscopy (SEM).  
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Figure A1.6. SEM image of hydrogel synthesised using 4:1 (v: v) ratio of Dioxane: DI 

water as the polymerisation solvent. 

 

Figure A1.7. SEM image of hydrogel synthesised using 2:1 (V: V) ratio of Dioxane: DI 

water as the polymerisation solvent. 
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Figure A1.8. SEM image of hydrogel synthesised using 1:1 (V: V) ratio of Dioxane: DI 

water as the polymerisation solvent. 

 

Figure A1.9. SEM image of hydrogel synthesised using 4:1 (V: V) ratio of Acetone: DI 

water as the polymerisation solvent. 
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Figure A1.10. SEM image of hydrogel synthesised using 2:1 (V: V) ratio of Acetone: 

DI water as the polymerisation solvent. 

 

Figure A1.11. SEM image of hydrogel synthesised using 1:1 (V: V) ratio of Acetone: 

DI water as the polymerisation solvent. 
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Oscillation study:  

The oscillation study was carried out on hydrated hydrogel samples. The results are 

presented as Storage modulus versus Shear Stress. During the experiment, the 

shear stress was increased from 0.01 to 100%, while the Angular Frequency 

was kept at 100 rad/s at a normal force of 1N. 

 

 

Figure A1.12. Storage modulus versus Shear Stress of the hydrated hydrogels 

polymerised in the presence of Acetone: DI water mixtures during a strain amplitude 

sweep (Frequency was 1N). 
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Figure A1.13. Storage moduli Versus Shear Stress of the hydrated hydrogels 

polymerised in the presence of Dioxane: DI water mixtures during a strain amplitude 

sweep (Frequency was 1N) 

 

Photo-actuation:  

For white light irradiation shrinking and reswelling measurements, the hydrogels 

were placed in a “in house” cell, comprised of 2 cover glass slides separated by 500 

µm high spacers made out of PMMA/PSA arranged in a square fashion on the bottom 

glass slide. The hydrogel sample was placed in this “in house” cell and filled with 

deionised water. The cell was placed on a black background to aid the area 

measurements in the image J software. The hydrogel was measured under an Aigo 

digital-microscope –GE5 with a lens of X60 magnification during and after light 

actuation. 
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Figure A1.14. Microscope images (magnification X60) of the 4:1 Dioxane: DI water 

hydrogel during a shrinking and reswelling cycle. 

 

Figure A1.15. Microscope images (magnification X60) of the 2:1 Dioxane: DI water 

hydrogel during a shrinking and reswelling cycle. 

 

Figure A1.16. Microscope images (magnification X60) of the 1:1 Dioxane: DI water 

hydrogel during a shrinking and reswelling cycle. 
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Figure A1.17. Microscope images (magnification X60) of the 4:1 Acetone: DI water 

hydrogel during a shrinking and reswelling cycle. 

 

Figure A1.18. Microscope images (magnification X60) of the 2:1 Acetone: DI water 

hydrogel during a shrinking and reswelling cycle. 

 

Figure A1.19. Microscope images (magnification X60) of the 1:1 Acetone: DI water 

hydrogel during a shrinking and reswelling cycle. 
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Photo-actuation measurements:  

The area measurements of the freestanding hydrogel discs were done using Image J 

(1.47v) software. Three different hydrogels (n=3) were measured for each point and 

the relative area % was calculated as the ratio between the hydrogel area at specific 

times (At) and the area measurement of the hydrogel before actuation (A0) as 

described in the following equation: 

Relative area % = !"!# 	×	100 

At = measured area at time t 

Ao = measured area of fully hydrated hydrogel. 

 

 

Figure A1.20. Photo-actuation cycles of hydrogels produced when the polymerisation 

solvent was 4:1 (V:V) organic solvent (THF, dioxane and acetone, respectively) : 

deionised water, in real time. 
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Figure A1.21. Single photo-actuation cycle of three different hydrogels produced when 

the polymerisation solvent was THF: DI water, in real time. 

 

 

Figure A1.22. Single photo-actuation cycle of three different hydrogels produced when 

the polymerisation solvent was Dioxane: DI water, in real time. 
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Figure A1.23. Single photo-actuation cycle of three different hydrogels produced when 

the polymerisation solvent was Acetone: DI water, in real time. 
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*Spiropyran Based Hydrogels Actuators − Walking in the Light, Wayne 

Francis, Aishling Dunne, Colm Delaney, Larisa Florea*, Dermot Diamond, 

Sensors and Actuators B: Chem. 250 (2017): 608-616. 
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Rheology: 

 

Figure A2.1. Storage moduli versus shear stress of the hydrated hydrogels polymerised during 40 s, 

45 s and 50 s of white light irradiation, respectively, using a strain amplitude sweep with a normal 

force of 1 N.  
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Hydrogel Walker Actuation: 

 

Figure A2.2. Series of snapshots showing the walking behaviour of the hydrogel (Video S2); A - 

shows the initial position of the hydrogel before any white irradiation; B, D and F show the 

contraction of the trailing leg during respective white light irradiation phases. C and E show how the 

swelling in the dark (after the respective white light irradiation phases) results in the forward leg 

being pushed over the ratchet.  

 

 

Videos: 

 

Video A2.1 demonstrates the observed locomotion of the p(NIPAAm-co-SP-co-AA) 

hydrogels. The ratcheted channels in this video are filled with deionised water. Once the 

hydrogel had been securely placed onto the ratchet, it was irradiated with white light (~305 

kLux). After the trailing leg had been dragged across at least one of ratcheted steps, the light 

was removed. When the leading leg had been pushed over at least one of the ratchet steps the 

light was re-introduced. This was repeated until the walker moved out of frame, resulting in a 

walking motion across 5 ratchet steps. For convenience the speed of the video was increased 

by a factor of 64.  
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Video A2.2 shows another example of the walking motion of a p(NIPAAm-co-SP-co-AA) 

hydrogel. The channel was again filled with DI water. Similarly to the above example, the 

walker was irradiated with white light (~305 kLux) until the trailing leg had been dragged 

across at least one of the walker steps. The white light was then removed and the walker was 

monitored in real time until the leading leg had been pushed across at least one of the ratchet 

steps. This was repeated until the walker got dislodged from the ratchet. The walker in this 

video completed three full cycles of white light irradiation and walked across 7 of the ratchet 

steps. For convenience the speed of the video was increased by a factor of 64. 
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Micro-capillary	Coatings	Based	on	Spiropyran	
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*Micro-Capillary Coatings Based on Spiropyran Polymeric Brushes 

for Metal Ion Binding, Detection, and Release in Continuous Flow, 

Aishling Dunne, Colm Delaney, Aoife McKeon, Pavel Nesterenko, Brett 

Paull, Fernando Benito-Lopez, Dermot Diamond, Larisa Florea*, 

Sensors, 2018, 18(4), 1083 – 1095. 
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polySP polymeric brushes functionalised micro-capillary:  
 

 

Figure A3.1. Schematic representation of the polySP polymeric brush structure and 

functionalised micro-capillary. 

 
 

 
Figure A3.2. Scanning Electron Microscopy image of the polySP polymeric brushes 

functionalised micro-capillary. 
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Set-up for absorbance measurements of micro-capillaries: 
 

 
Figure A3.3. Set-up used to study the absorbance spectra of the micro-capillary when 

M2+ solutions (in ACN) are passed through the micro-capillary in continuous flow. The 

set-up is composed of a two fiber-optic light guides connected to a light source and a 

Miniature Fiber Optic Spectrometer (USB4000, Ocean Optics) and aligned using a 

cross-shaped cell. The M2+ solution (in ACN) is passed through the micro-capillary 

using a syringe pump. 

 
Photo-induced binding and releasing of metal ions: 

 

 
Figure A3.4. Microscopy photos of a section of a micro-capillary modified with 

spiropyran polymer brushes (polySP) before (left) and after irradiation for 20 s with 

UV light (middle) followed by the addition of Co2+ (right). The micro-capillary returns 

to colourless (due to the conversion of the polyMC to polySP) after irradiation with 

white light for 1 min, resulting in the release of Co2+ ions. 

 

In order to prove the release of the bound metal ion from the SP-polymer brushes 

coated micro-capillary through irradiation with white light, the release of metal ion 
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was demonstrated in the case of Co2+ through detection post modified micro-capillary 

using a chelating reagent, 4-(2-pyridylazo)resorcinol (PAR). PAR can coordinate to 

metal ions through a heterocyclic nitrogen group, azo group, and o-hydroxyl group, as 

shown in Figure A3.5 [1-3]. 

 

Figure A3.5. Chemical structures of 4-(2-pyridylazo) resorcinol (left) and metal 

complexed 4-(2-pyridylazo) resorcinol (right). 

 

Firstly, the absorbance spectra of the chelating reagent (PAR) and its Co2+ complex 

were recorded (Figure A3.6) by passing a solution of PAR (1 mM) and PAR-Co2+ 

(PAR: Co2+ 1:1) through an unmodified glass micro-capillary at 2 µL min-1. The 

spectra (Figure A3.6) show the typical absorbance bands corresponding to PAR 

(black) and PAR-Co2+ (red).  The absorbance maximum for PAR-Co2+ was recorded 

at ~ 510 nm. 

 
Figure A3.6. Absorbance spectra of the chelating reagent (PAR) and its Co2+ complex.  
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For the detection of the photo-released Co2+, the previous set-up (Figure A3.6) was 

modified (Figure A3.7) to include the injection of Co2+ solution in ACN (1 mM), and 

the following steps were undertaken: 

 

1. The pump (left) was turned on (flow rate = 20 µL min-1; mobile phase = 

ACN). 

2. The syringe pump (right) was turned on (flow rate = 20 µL min-1; mobile 

phase = post column reagent PAR 0.1 M). 

3. The polySP modified micro-capillary was irradiated with UV light for 20 s. 

4. Co2+ solution (1 mM) from the injection loop was injected in the system at a 

flow rate of 20 µL min-1 for approximately 5 min. 

5. When all the expected Co2+ solution left the detection area, both pumps (ACN 

and PAR) were turned OFF and the while light was turned ON. 

6. After about 5 min, both pumps (ACN and PAR) were turned back ON. 

7. The absorbance at λmax specific for PAR-Co2+ (510 nm) was recorded during 

the whole experiment (steps 1-6) and plotted in Figure A3.8.  

 
Figure A3.7. Scheme of the set-up used for the determination of metal ions photo-

released from the polySP modified micro-capillary using PAR. Step 3 (irradiation of 

the spiropyran modified micro-capillary with UV light) and 5 (irradiation of 

spiropyran modified micro-capillary with white light) are depicted in the scheme.  

 

It is expected that, after the irradiation of the micro-capillary with white light (step 

5), the Co2+ ions will be released and then, with both pumps turned ON, the two 
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confluent flows will react and PAR-Co2+ will be formed. When reaching the detection 

area, PAR-Co2+ will generate a change in the absorption spectra, generating a new 

absorbance band at 510 nm. This absorbance band (Figure A3.8) was recorded during 

the experiment (steps 1 to 6) and shows an increase in the absorbance band at 510 nm 

when both the PAR flow (step 2) and Co2+ flow (step 4) are turned ON. When the 

Co2+ flow is turned OFF (step 5), a decrease in the band at 510 nm is observed until 

this reaches an absorbance of ~0 a.u. indicating that all Co2+ has exited the detection 

area. Following this, the PAR flow is also switched OFF and the SP-M polymeric 

brushes functionalised micro-capillary is irradiated with white light for 5 minutes. 

Finally, the ACN and PAR flows are switched ON. This causes an increase in the 

band at 510 nm (Figure A3.8, step 6) indicating that indeed Co2+ was released upon 

white light irradiation from the modified micro-capillary.  

 

 
Figure A3.8. Absorbance at 510nm recorded on a USB400 spectrometer using the set-

up depicted in Figure A3.7 during experimental steps 1-6. The increase of the 

absorbance band centred at 510nm indicates the presence of PAR-Co2+ complex.  

 
Videos: 
  

Video A3.1 shows in real time the colour change of the spiropyran norbornene 

monomer crystals under different illumination conditions. In the video, the UV light 

was turned ON at 0:45 and switched OFF after ~ 2 min (time 2:49), followed by ~ 3 
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min of white light irradiation (white light ON at 5:13 and switched OFF at 8:21). The 

video was recorded on a benchtop Aigo digital Microscope GE5, at a magnification of 

180x. 
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