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Integrated Stimuli-Responsive Functionalities: from Bioseparation to Dynamic Optics 

Abstract 

Nature demonstrates the efficiency of hierarchically integrated components that work 

in cooperation to produce a variety of useful phenomena in organisms, such as movement or 

shape change. A key feature of these components is the response of multiple reconfigurable 

constituents to certain stimuli, partaking in a cascade of events that lead to specific outcomes. 

Artificial systems strive for such efficiencies and can be greatly enhanced by the assimilation of 

responsive soft materials that respond to various and distinct stimuli.  

Here, I describe the combination of reversibly dynamic, stimuli-responsive and flexible 

components that are affected by its environment towards directed outputs, at the premise of 

which is a cross-linked hydrogel network capable of volume change in different aqueous 

solutions. In the first part, I will elaborate on the integration of hydrogel embedded around 

flexible microstructures in an aqueous microfluidic system. Chemo-mechanical activation and 

cooperation of the stimuli-responses of the integrated soft components and functionalities in 

the microfluidic can produce specific outputs, including oscillatory behavior through feedback 

loops that is able to maintain local temperature within a narrow range. I will show that 

functionalization of the system with aptamer enables the separation of target biomolecules 

from a solution mixture.  

I will then describe a hydrogel modified with spiropyran, a molecule that isomerizes 

between two forms with orthogonal properties in response to multiple stimuli, including light. 

In the absence of light activation, the volume change of the hydrogel can influence spiropyran 
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isomerization mechano-chemically in different aqueous solutions. Integration of the optically 

responsive molecule with a volume-changing hydrogel is explored further in the context of 

nonlinear dynamic optics. In particular, the reversible self-trapping, or lensing, of laser light in 

spiropyran-modified hydrogels is investigated. Furthermore, propagating two laser beams 

through the system is found to have highly interesting implications in studying the mechanical 

stresses within the hydrogel network. 

From this work we come closer to the nature-inspired, adaptable reconfigurability that 

leads to more efficient systems with applications ranging from biomedicine to optics, while also 

promoting methods for fundamental studies on polymer mechanics as well as molecular-level 

reconfigurability that is important to all sciences. 
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Introduction 

 The study of soft matter, which includes polymers, liquid crystals, colloidal suspensions, 

vesicles, cells, elastomers, etc. has garnered increasing attention in the past few decades and 

has led to the development of soft robotics, “smart” (stimuli-responsive) drug delivery systems, 

adaptable surfaces, and much more.1 Greater flexibility, more resolved sensing and responses, 

finely tunable properties, and an increased variety of interfaces all make soft materials of great 

utility for functional materials, and particularly for the development of adaptable materials. 

Adaptable materials attempt to mimic nature’s ability to sense or detect an environmental cue 

and reconfigure via a concerted cascade of events through synchronized chemo-mechanical 

signal transductions across multiple length scales that lead to highly specific outputs. While 

nature has evolved to such efficiencies, man-made materials strive for equivalent responsive 

and reconfigurable behavior, but are often hampered by a lack of highly controlled assembly 

processes, robust hierarchical connection, flexibility and smooth integration of components, 

etc. Bio-inspired, this field of research uses inspiration from nature to develop efficient, 

adaptable systems for applications ranging from biomedicine and energy to optics.1d, 2  

More than its applicability towards “smart” technologies, the study of soft matter has 

much to offer in the realm of biology and chemistry.3 Molecular level interaction is at the heart 

of fundamental biology and chemistry as well as the foundation of material properties, which 

are rendered more intricate by the coupling of multiple dynamic moieties for chemo-

mechanically and mechano-chemically driven action. Often such dynamical systems involve 

states that are out of equilibrium, but that respond in a way to minimize its free energy. This 

usually becomes more complex upon functionalization or addition of other responsive 
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components to the system. Yet the integration of multiple materials that include soft matter is 

of great interest as it allows for gradient responses, more precisely tuned behaviors, and a 

combination of desired properties, in which the whole performs better than the sum of its 

parts.1d However, man-made “smart” systems still need to be further refined in order to 

approach the efficiency of natural systems. One way to enhance artificial systems is by 

improving the precision of its responses and achieving multi-scale chemo-mechanical 

integration between a larger variety of materials and molecules. In particular, by assimilating 

multiple responsive components we can impart multiple handles of control for more precise 

and integrated behaviors. 

We aim to emulate nature’s efficient motions in response to particular signals by 

combining reversibly responsive soft materials with flexible components and synchronizing the 

driven chemo-mechanical transductions that act along multiple length scales to achieve 

seamless movements and greater control over outputs and system properties. We utilize the 

volume-changing hydrogels as an actuator and combine its reconfigurability with other soft, 

dynamic materials and molecules, the integrated systems of which are able to offer more than 

one parameter of control towards different outputs such as bioseparation or nonlinear optical 

behavior. By considering the involved molecular interactions and chemo-mechanical or 

mechano-chemical dynamics that lead to the different outputs, this study will consider the 

necessary parameters and chemistries that generate the desired behavior or property. From 

this work we come closer to the nature-inspired adaptability that leads to more effective 

systems with applications ranging from biomedicine to optics and “smart” technologies, while 

also promoting methods for fundamental studies that probe polymer chemo-mechanics as well 
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as molecular-level manipulation that is important to all sciences.  

Hydrogels are hydrophilic polymer networks that, when crosslinked, swell in aqueous 

media. According to the chemical functionality on the backbone of the hydrogel network, the 

gel is capable of exhibiting stimuli-responsive behavior by reversibly changing volume in 

different types of solution driven by the thermodynamic interaction of the hydrogel with the 

aqueous solvent. Triggers of volume change include temperature, pH, light, redox reactions, 

etc., conditions which alter the chemical potential or entropic state of the system (solvent + 

polymer) in a given solution, leading to expulsion or absorption of water. Hydrogel swelling 

behavior has been well described by Flory-Rehner theory, which considers solvent quality and 

thermodynamic interactions between polymer chains and solvent in order to determine 

equilibrium swelling. Due to their controllable volume-changing behavior and chemo-

mechanically driven dynamics, stimuli-responsive hydrogels have been extensively studied as 

actuators. They have also found use in drug delivery systems, tissue scaffolds, artificial skin, and 

biosensors, and have been termed “smart” materials.1a, 1c, 4 As a result of the diffusion-limited 

mechanism of volume change, hydrogels exhibit faster stimuli response on the micron scale. As 

such, hydrogels are often exploited in microfluidics and to elicit localized responses.5  

Our lab has developed a unique system that takes advantage of the reversible hydrogel 

chemo-mechanics on the micron scale. Specifically, by attaching volume-changing hydrogels to 

flexible polymeric microstructures in an array, the actuating system is able to reversibly transfer 

forces within the swollen hydrogel towards microstructure bending in a highly controllable 

manner.6 This novel platform, termed HAIRS (Hydrogel-Actuated Integrated Responsive 

Structures), utilizes the integration of flexible components and efficient conversions of chemo-
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mechanical work for directed behaviors in response to specific stimuli, resembling the 

continuous and concerted movement apparent in nature, such as skeletal movements by 

muscle.6b The chemo-mechanical transductions between the different components can be 

further incorporated in a microfluidic where laminar flow over the microstructures can be 

introduced, carrying certain chemicals or biomolecules. This allows for additional control over 

the system, which can be modified for several different applications, including local 

temperature control. One of the capabilities of the microfluidic system we explore is the 

continuous bioseparation of target proteins by functionalizing the microstructures with 

aptamer oligonucleotides, in which the efficient and selective separation of molecules is of 

great interest to a variety of communities. 

 Responsive and reconfigurable, aptamer oligonucleotides are polymer chains that 

exhibit high affinities towards specific targets and are becoming increasingly used in 

biochemical areas as well as in materials design.7 In some cases, aptamers present an attractive 

alternative to antibodies for several reasons, including their stability in more extreme pH and 

temperature conditions.8 Additionally, aptamers can be easily modified and screened to 

selectively bind to a target from a growing library of different chemicals and biomolecules.8 

Importantly, unlike antibodies, aptamers can be reversibly denaturated and refolded in 

response to temperature or pH changes, enabling repeated cycles of controlled 

reconfigurability. For these reasons, we integrate aptamers with volume-changing hydrogels in 

a microfluidic regime under flow to impart coordinated chemo-mechanical action with a 

microstructured array for the efficient bioseparation of target biomolecules.  
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 Since actuatable hydrogels form the main responsive component in our novel 

reconfigurable microfluidic platform, it would be beneficial to further explore methods of 

enhancing the stimuli responsiveness of the hydrogel, effectively making it “smarter.” To realize 

this, the hydrogel itself can be functionalized with other responsive molecules. Of particular 

interest is incorporation in the hydrogel of an environmentally sensitive molecule, spiropyran. 

Spiropyran is a bistable chromophore that has been widely studied for its stimuli-triggered 

electrocyclic ring-opening and isomerization between two predominant conformations, each of 

which exhibits drastically different electronic and structural properties that give rise to stimuli-

induced increase in color, hydrophilicity, fluorescence, molecular planarity, and molecular 

dipole moment. For this reason, spiropyran has been incorporated in many different materials 

to impart switchable properties that can be biased by light, pH, solvent, temperature, or 

applied force.9 Tensile forces and irradiation with UV light initiate ring opening of spiropyran 

from the ring-closed form, while polar, acidic environments stabilize the ring-open form. The 

ring-open form of spiropyran can occupy eight different cis-trans isomers via rotation around 

the central double bond, with stabilization of each determined by the solvent and local 

conditions.10 Generally, isomers that are trans-configured around the central carbon-carbon 

bond are more stable.  

Mechanistic and theoretical studies show that UV light-activation of ring-closed 

spiropyran leads to cleavage of the C-O spiro bond and formation of a singlet excited state that 

can either close its ring to the original form or form a cis-cis-cis ring-open isomer. This short-

lived intermediate then equilibrates between the more stable trans isomers.11 The opposite 

photoreaction by visible light leads to the ring-closed form from the ring-open form, following 
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the reverse pathway in which the trans  cis isomerization is the rate-determining step.12 The 

quantum yield of the photoreaction depends on the solvent and local environmental 

conditions, in which the quantum yield of photoisomerization from the ring-open form to the 

ring-closed form increases with the polarity of the environment.13 Conversely, the quantum 

yield of fluorescence of the ring-open form decreases with increasing polarity of the solution.14 

However, in certain cases, immobilization to a polymeric material is able to enhance its 

fluorescence.15 

 While the light-activated properties of spiropyran attached to different materials have 

been extensively studied5c, 16 and are also explored in our hydrogel-actuated integrated 

microdevice, described below, it would be highly interesting to also study the effect of chemo-

mechanical actuation of an aqueous network such as a hydrogel on the isomerization of 

attached spiropyran in the absence of light activation, as this remains a relatively unexplored 

area.17 In particular, the effect of hydrogels with different pH-responsiveness and swelling 

capabilities in different aqueous solutions on the isomerizability of spiropyran attached to the 

network is considered in this work. This study has the potential to give useful information on 

the aqueous-based isomerizability of spiropyran confined to dynamic networks that are also 

affected by the surrounding chemistry. In addition, it lays the groundwork for determining the 

aqueous-based mechanical response of spiropyran when doubly tethered to hydrogel networks 

that change volume, in contrast to investigations mainly done of spiropyran tethered in less 

polar or non-solvated systems.9h This could also be useful in accessing spiropyran’s several ring-

open isomers as mentioned above. Furthermore, combining the spectral properties of 

spiropyran that are different for each form with the different chemo-mechanical environments 
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of the hydrogel could allow for more resolved sensing of different states of the reversibly 

changing hydrogel network, which would be of particular interest for surface confined actuating 

systems such as HAIRS. 

 Due to differences in hydrophilicity that accompany spiropyran isomerization, 

incorporation of spiropyran within a hydrogel has been shown to cause light-activated hydrogel 

volume change.18 This phenomenon is particularly useful when integrated in HAIRS where the 

photoactuation of the spiropyran-modified hydrogel can influence microstructure bending 

locally. While local hydrogel actuation has been observed in spiropyran-modified pNIPAAm 

hydrogel5c, here, local hydrogel volume change is explored in both pNIPAAm and p(AAm-co-

AAc) hydrogels and is associated with microstructure bending through chemo-mechanical 

energy transductions. This could potentially add another parameter of control over HAIRS in 

which a small area of the microstructure array can be made to bend while the surrounding area 

remains upright, enhancing the applicability of HAIRS towards light-controlled gradient 

movement, for example.  

 The assimilation of reversible dynamics that involve the photoisomerization of 

spiropyran with hydrogel volume change opens up its applicability to dynamic optics. 

Specifically, we can investigate the nonlinearity of the light-responsive system by measuring the 

self-trapping of laser light as it propagates through and reacts with the spiropyran in the 

hydrogel and, more interestingly, determine if this optical phenomenon can be induced 

reversibly. Self-trapping of light, otherwise known as the Kerr effect or soliton formation, occurs 

in many nonlinear materials, or materials that have a large nonlinear polarizability that allow it 
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to interact with the propagating light, leading to a local increase in refractive index in the light 

beam’s path19- 

∆n = n2|E2| 

 Here, n2 is the nonlinear Kerr coefficient. Typical values of ∆n that generate solitons are 

larger than 10-4.20  

This local gradient in the refractive index leads to a lensing effect, causing the light to 

focus over time in opposition to normal diffractive broadening. When the self-focusing is 

exactly balanced by diffraction, the beam is considered to be self-trapped. While this 

phenomenon has been studied since ‘solitons’ were first termed in 1965, as of yet, few, if any 

materials have been shown to exhibit reversibility in the self-trapping of light, which would 

permit multiple light focusing events to occur through the same spot in the material. The 

spiropyran-modified hydrogel presents a unique system that can achieve reversibility in its 

light-response and is thus investigated for reversible self-trapping of light. This would make the 

material useful for optical applications and interconnects that would benefit from re-writable 

waveguide formations, among a host of other uses. 

 While a single beam can be propagated through the material to determine its self-

trapping capability, propagating multiple beams simultaneously and observing their 

interactions can provide more information about the system, such as the strength and locality 

of the nonlinearity in the material. Various research groups have demonstrated two beam 

collision, spiraling, fusion, and annihilation in different materials.21 Ultimately, two beam 

interactions can be used in optical guiding and switching. In the spirpoyran-modified hydrogel, 

two beams can be propagated at varying beam separation distances in order to probe for any 
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attraction of the beams as an indicator of how diffuse the nonlinear component is in the 

system. Since spiropyran is covalently tethered to the polymer backbone, we expect the 

nonlinearity to be highly local, preventing beam attraction even at small beam separation 

distances. 

 Overall, by integrating different environmentally sensitive and reversibly stimuli-

responsive chemo-mechanical components we can generate concerted movements and more 

interesting, precise behavior not achievable by a single, inflexible component. Such systems can 

find use in the development of next-generation “smart” technologies. 
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Chapter 1.  A Chemo-mechanically Modulated Microfluidic System Enabling Self-Regulation and 

Bioseparationi 

Can we integrate tunable chemo-mechano-chemistries in a single, dynamic platform to control 

a variety of outputs? 

Introduction 

One of the challenges in designing new materials is in integrating adaptive responses, a 

property lacking in some synthetic materials systems. Inspired by concepts in nature and the 

seamless chemo-mechanical conversions in biological systems1, the Aizenberg lab has designed 

a chemo-mechanically driven platform consisting of high-aspect-ratio elements that are able to 

reconfigure between upright and bent states upon activation of a “muscle”, in our case, 

volume-changing hydrogels (Fig. 1.1). Stimuli-responsive hydrogels are hydrophilic, crosslinked 

polymer networks that exhibit dynamic chemo-mechanical swelling behavior in aqueous 

solution in response to a stimulus (temperature, pH, electric field, etc.) according to the 

interaction of the constituents of the polymer with the surrounding solvent. This integrated 

system, shown in Figure 1.1, is termed Hydrogel-Actuated Integrated Responsive Structures, or 

HAIRS.2 Using silicon-based molds, HAIRS can be fabricated with a variety of microstructure 

array geometries and made of different types of flexible polymers, allowing them to act as the 

high-aspect-ratio elements. To this array is attached a stimuli-responsive hydrogel capable of 

significantly changing volume and imparting sufficient force to bend the flexible 

                                                        
i Work presented in this chapter was done in collaboration with several others and published by NPG- 
-He, X.; Aizenberg, M.; Kuksenok, O.; Zarzar, L. D.; Shastri, A.; Balazs, A. C.; Aizenberg, J., Synthetic homeostatic 
materials with chemo-mechano-chemical self-regulation. Nature 2012, 487 (7406), 214-218. 
-Shastri, A.; McGregor, L. M.; Liu, Y.; Harris, V.; Nan, H.; Mujica, M.; Vasquez, Y.; Bhattacharya, A.; Ma, Y.; 
Aizenberg, M.; Kuksenok, O.; Balazs, A. C.; Aizenberg, J.; He, X., An aptamer-functionalized chemomechanically 
modulated biomolecule catch-and-release system. Nat Chem 2015, 7 (5), 447-454. 
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microstructures of a certain stiffness and aspect ratio.2 Such a dynamically driven system has 

the potential for a wide variety of applications, including adaptive optics3, self-cleaning 

surfaces, particle transportation, etc. In particular, this type of concerted chemo-mechanical 

action can be coupled to other chemistries to enable chemo-mechano-chemical transductions 

and function as “on” and “off” sensors.  

 

 

Figure 1.1. Schematic of HAIRS. Chemo-mechanically driven bending of microstructures by volume 

change of the stimuli-responsive hydrogel. 

 

Self-regulated Mechano-chemical Adaptively Reconfigurable Tunable System (SMARTS)  

 To exhibit a more continuous cycle of energy transduction, HAIRS was incorporated into 

a biphasic microfluidic device and the tips of the microstructures were functionalized to 

demonstrate several types of controllable chemistries driven by the chemo-mechanics of the 

system (Fig. 1.2).4 This platform, which reversibly transduces external or internal chemical 

inputs into defined chemical outputs by the on/off mechanical actuation of microstructures was 

termed Self-regulated Mechano-chemical Adaptively Reconfigurable Tunable Systems, or 

SMARTS (see appendix for details).  

 This work was conducted in collaboration with Dr. Ximin He, Dr. Michael Aizenberg, and 

Dr. Lauren Zarzar, with computational simulations developed by Dr. Olga Kuksenok and Prof. 

Anna C. Balazs. 
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Figure 1.2. General design of SMARTS. a) Schematic of the microfluidic fabrication process. b) Cross-

sectional schematic of SMARTS. The hydrogel swells or contracts in response to a chemical stimulus (C1). 

Corresponding mechanical movement (M) of the attached microstructures moves the catalyst into or 

out of a top layer of reactants, controlling a chemical reaction (C2).  

 

The general, customizable design of SMARTS is presented in Figure 1.2. The HAIRS 

sample used here incorporated epoxy microfin structures actuated by a pH-responsive 

poly(acrylamide-co-acrylic acid) hydrogel, p(AAm-co-AAc), which contains the acrylic acid 

moiety that has a pKa of 4.3. In solutions with pH > 4.3, acrylic acid becomes deprotonated and 

the hydrogel swells according to osmotic forces within the hydrogel. In solutions with pH < 4.3, 

the acrylic acid becomes protonated and the hydrogel contracts. To create a stable bilayer of 

aqueous fluids travelling over HAIRS in laminar flow, we integrated the sample in a microfluidic 

device with two inlets to which polyethylene tubing was attached, allowing for two different 

fluids to be pumped through at a controllable rate using a syringe pump. An outlet was used to 

remove the ingoing fluid (Fig. 1.2a). While the bottom fluid supplied the appropriate stimulus 

for hydrogel volume change (solution of a certain pH for the pH-responsive hydrogel used 

here), the top fluid supplied the appropriate chemical reagents needed for a chemical reaction 
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aided by the appropriate functionalization of the microstructure tips. When a stimulus (S) was 

used to control the chemical change (C1) in the hydrogel and the subsequent mechanical 

movement (M) of the microstructures, we were able to drive a variety of chemical reactions 

(C2), including “on” and “off” quenching of fluorescence and oxygen bubble formation caused 

by platinum-catalyzed hydrogen peroxide decomposition (Fig. 1.3).  

 

Figure 1.3. Oscillations in chemical reactions triggered by pH changes. a-b) Schematic and confocal 

microscope images showing fluorescence quenching whereby green fluorescence of fluorescein on the 

tips of the fins when they are bent is quenched when fluorescein enters the top potassium iodide (KI) 

layer and is switched back “on” when the fins are bent away from the KI layer. c) Tracking the motion of 

the microstructures as the fluorescence is turned “off” and “on.” d-e) Schematic and optical microscope 

images showing generation of oxygen bubbles when the platinum catalyst-functionalized tips enter the 

layer containing hydrogen peroxide. f) Volume of oxygen gas generated as microstructures are pulled 

into and out of the top reactant layer.  
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Specifically, we functionalized fluorescein dye or platinum catalyst on the 

microstructure tips by either a stamping method or metal catalyst deposition by evaporation on 

the PDMS mold (see Materials and Methods for details). When we functionalized the 

microstructure tips with fluorescein, fluorescence quenching could be turned “on” or “off” 

when a solution of the quencher, potassium iodide, was flowed in the top layer and either 

acidic or basic solution was flowed in the bottom layer to contract or swell, respectively, the 

pH-responsive p(AAm-co-AAc) hydrogel. When we functionalized the microstructure tips with 

metallic platinum as a catalyst, the decomposition of hydrogen peroxide (solution in the top 

layer) was catalyzed when hydrogel swelling exposed the microstructure tips functionalized 

with the catalyst to the top layer. This reaction could be turned “off” by contracting the 

hydrogel with acidic solution and bending the microstructure tips and catalyst away from the 

top layer containing hydrogen peroxide. Importantly, these chemo-mechano-chemical 

transductions were repeated through multiple actuation cycles to show oscillatory behavior. In 

essence, while here we show incorporation of the pH-responsive p(AAm-co-AAc) hydrogel in 

SMARTS, its parts are interchangeable and therefore capable of offering smooth coupling of 

chemistries via fast mechanical action with a diverse range of 1) chemical inputs (C1), 

depending on the stimuli-responsive hydrogel that is used, and 2) outputs (C2), depending on 

the functionalization of the micropillar tips and its reaction with the ingoing solution containing 

the chemical reagents.5  

So far, we were able to control the chemical reactions by delivering a stimulus to the 

hydrogel via a syringe pump. We envisioned the next step would be to remove the need for 

external regulation and instead impart a feedback loop into the system for autonomous 
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oscillatory behavior (C–>M–>C–>M–> ... or C<–>M). We were able to do this by integrating a 

thermo-responsive hydrogel, poly(N-isopropylacrylamide) (pNIPAAm), with a heat-generating 

reaction (Fig. 1.4a). In particular, the output of the chemical reaction (heat) provided the 

stimulus for hydrogel contraction, moving the microstructures away from the top layer that was 

generating the stimulus. This was achieved by depositing a catalyst, H2PtCl6 for example, on the 

microstructure tips (see Materials and Methods for details), and layering two immiscible fluids 

on the HAIRS sample: an organic layer containing reactants (an olefin and a hydrosilane needed 

for a highly exothermic hydrosilylation reaction, in this case) on top of an aqueous layer 

surrounding the hydrogel base. Below the lower critical solution temperature (LCST), pNIPAAm 

is swollen and the microstructures containing the H2PtCl6 catalyst protrude into the organic 

layer containing 1-hexene and a silane (triethylsilane or diphenylsilane). This reaction generated 

heat. When the temperature increased to above the LCST of the hydrogel, the hydrogel 

contracted, moving the microstructures away from the reagents in the top layer and turning off 

the exothermic reaction. As the temperature fell to below the LCST, the hydrogel once again 

swelled, moving the microstructures into the top layer and restarting the exothermic reaction 

in a continuous feedback loop (Fig. 1.4). Multiple exothermic reactions were tested in this way 

and were shown to exhibit oscillating behavior of the local temperature around the LCST of 

pNIPAAm, 32˚C (Fig. 1.4): 

 

(i)  hydrosilylation of 1-hexene with triethylsilane catalyzed by H2PtCl6 (Et, ethyl) 
 

; 
 
 

SiEt3
Et3SiH

H2PtCl6
+
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(ii)  hydrosilylation of 1-hexene with diphenylsilane catalyzed by H2PtCl6 (Ph, phenyl) 
 

; 
 

(iii) decomposition of cumene hydroperoxide catalyzed by Ph3CPF6 

 

; 
 

(iv) “click” reaction between octylazide and phenylacetylene catalyzed by Cu(PPh3)2NO3 

 

 

 

It was found that an increased heating rate (either by increasing the concentration of 

reactants or by using more reactive reactants) resulted in reduced oscillation periods and 

increased amplitudes in both temperature change and microstructure actuation. This process 

allows for self-regulation of temperature that is maintained around the pre-defined LCST of the 

attached thermo-responsive hydrogel, which can be altered by varying the composition of the 

hydrogel used. For example, by adding 5% butyl methacrylate6 to pNIPAAm, the LCST decreased 

to 27.8°C and the corresponding temperature oscillated between 27.1-29.7°C (Fig. 1.5). 

 These studies show the dynamic and collective responsiveness of SMARTS and the 

complex non-equilibrium behavior that typifies its chemo-mechano-chemical self-regulation. 

Oscillating mechanical movement originating from a non-oscillatory source that leads to 

autonomous motility has considerable potential for translation into areas such as robotics, 

biomedical engineering, microsystems technology and architecture, among many others. 
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Figure 1.4. Self-regulated chemo-thermo-mechanical feedback loops in SMARTS. a) Side-view schematic 

and top-view optical images of the temperature-regulating system with a C<–>M feedback loop, in 

which the mechanical action of the temperature-responsive gel is coupled with an exothermic reaction. 

b) Temperature oscillations arising from different exothermic reactions driven by the temperature-

responsive p(NIPAAm) gel: (i), (ii), hydrosilylation of 1-hexene with triethylsilane (i) and diphenylsilane 

(ii); (iii) decomposition of cumene hydroperoxide; (iv) ‘click’ reaction between octylazide and 

phenylacetylene.  
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Figure 1.5. Effect of LCST on temperature regulation in SMARTS. Comparison between temperature 

oscillations using unmodified pNIPAAm (black line) that has an LCST of 32.0°C and pNIPAAm modified 

with 5% butyl methacrylate (red line) that has an LCST of 27.8°C, with respective chemical structures of 

each polymer shown below the corresponding curve. 

 

 Since any of the individual components that make up SMARTS can be replaced with 

another material with similar function, the system can be tailored and precisely tuned to give 

specific outputs for a wide range of applications. Beyond functionalizing microstructure tips 

with static functionalities that themselves do not exhibit dynamic behavior, we could attach a 

reconfigurable, stimuli-responsive moiety to the microstructures, thereby extending the 

stimuli-responsive capability and coordinated configurations in the system for another more 

precisely controlled platform. By attaching to the microstructure tips reconfigurable aptamer 

oligonucleotides that can bind and release specific biomolecules, we are able to uniquely 

coordinate the chemo-mechanical response of the hydrogel with the stimuli-dependent 

configuration of the aptamer to realize the concerted binding and release of a biomolecule 

from the top fluid layer into the bottom fluid layer. In this way, we create a robust capture-and-
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release capability that can continuously separate a biomolecule of interest from an initial 

solution mixture for further analysis, potentially in a biomedical setting. 

 

Catch and Release of Thrombin by an Aptamer-functionalized SMARTS 

The work described here was done in collaboration with Dr. Ximin He with whom I 

designed the two-outlet microfluidic and carried out experiments and analyses of microfluidic 

catch and release, Dr. Lynn M. McGregor and Valerie Harris, with whom we characterized 

selective protein catch and release using PAGE, Dr. Michael Aizenberg and Dr. Yolanda Vasquez 

who contributed useful discussions, Hanqing Nan and Maritza Mujica who contributed to 

ELONA experiments, and Dr. Ya Liu, Dr. Amitabh Bhattacharya, Dr. Yongting Ma, Dr. Olga 

Kuksenok, and Prof. Anna C. Balazs who developed and analyzed computational simulations.  

Several current techniques for biomolecule sorting often require significant, and 

sometimes disruptive, biomolecule modification, many sequential steps, and high energy input 

from lasers, sources of electrical, IR, or magnetic fields.7 While some methods (e.g., those 

involving magnetic beads8) show efficient capture of biomolecules without substantial 

alteration of the target, controllable continuous separation and transfer between solutions in-

situ can be achieved by combining complementary responsive materials, which also permit the 

system to be tailored to meet the requirements of different applications. Considerable effort 

has recently been devoted to developing dynamic micro- and nano-scale hybrid systems that 

exploit the precise geometry of their components, combine chemical and mechanical action, 

act in a multimodal fashion, and even generate autonomous movement or autoregulation.4, 9 

Such dynamic chemo-mechanical approaches, if applied to biomolecule detection and 
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separation, could advance chemical and clinical technologies that focus on diagnostics and 

purification. 

We build on SMARTS to develop a conceptually new chemo-mechano-biochemically 

modulated system that performs sequential “catch-transport-release” of target biomolecules 

from one fluid flow to another. Critical components for the cooperative system include: (i) 

compartments that provide two chemically distinct environments; (ii) a stimuli-responsive 

affinity handle for the biomolecules that can bind the target in one environment and release it 

in another; (iii) a dynamic “arm” that moves the cargo between the two compartments; and (iv) 

an artificial “muscle” that actuates the arm’s motion.  

In the system, the chemically distinct environments are produced by a microfluidic 

system that yields two parallel fluid streams in laminar flow, a key feature of SMARTS. In this 

case, aptamers (short DNA, RNA or peptide molecules that recognize specific chemical targets) 

fixed to the microstructure tips serve as the stimuli-responsive affinity handles due to their 

ability to reversibly bind target molecules in different environments.10 The dynamic arms are 

supplied by the polymeric microscopic fins that are embedded in a stimuli-responsive hydrogel, 

which undergoes significant volume changes in response to environmental cues and drives the 

reversible bending of microstructures, a basic feature of HAIRS and SMARTS.11 An especially 

useful feature of this system is that the hydrogel and aptamer binding can be chosen to 

respond to the same stimulus, such as for example, pH changes. We assembled such a system 

and illustrated its ability to separate a biomolecule, thrombin, by coordinating the pH-sensitive 

affinity of the thrombin protein to its aptamer (5’-GGTTGGTGTGGTTGG-3’)12 with the pH-

sensitive contraction and expansion of the poly(acrylamide-co-acrylic acid) hydrogel (p(AAm-co-
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AAc)). By immersing this hybrid assembly in a microfluidic system under bilayer fluid flow, we 

can achieve the efficient catch of thrombin from the ingoing mixture in the top layer and its 

subsequent release in separate flow in the bottom layer (Fig. 1.6). This design is distinct from 

conventional biomolecule sorting systems by its reliance on a concerted cascade of chemo-

mechano-biochemical energy transductions, as opposed to isolated energy inputs in the form 

of laser, electrical, or magnetic fields. 
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Figure 1.6. Design of the chemo-mechanically modulated biomolecule catch-and-release system. a) pH-

dependent reversible binding and releasing of thrombin by the DNA aptamer at pH = 6-7 and pH <5, 

respectively, caused by the aptamer configuration change; b) pH-dependent reversible volume change 

of hydrogel p(AAm-co-AAc) which swells at pH > 4.3 and contracts at pH < 4.3; c) scheme depicting 

cross-sectional view of biphasic microfluidic chamber under constant laminar flow with aptamer-

functionalized microstructures and the separation of target molecules from an ingoing solution mixture 

by the coordinated action of the responsive components. 

stimulus, such as, for example, pH changes. Aided by computational
modelling, we assembled such a system and illustrated its ability
to separate an exemplary biomolecule, thrombin, by coordinating
the pH-sensitive affinity of the thrombin protein to its aptamer
(5′-GGTTGGTGTGGTTGG-3′)26,27 with the pH-sensitive contr-
action and expansion of the poly(acrylamide-co-acrylic acid)
hydrogel (P(AAc-co-AAm)). By immersing this hybrid assembly
in a microfluidic system under bilayer fluid flow, we achieved
the efficient catch of thrombin from the ingoing mixture in the
top layer and its subsequent release in the separate flow in the
bottom layer. In this way, we exploited the pH-responsive
chemomechanobiochemical modulations of the system to separate
and collect thrombin from a mixture without the use of
expensive and complex tools, which suggests a great promise for
point-of-care diagnosis, monitoring, drug testing and sorting for
cell-based therapeutics28–31.

Results and discussion
Design of the chemomechanically modulated system. To enable
synchronized hydrogel actuation and target-molecule catch and
release in response to a single stimulus, we selected a hydrogel
and an aptamer that both respond to changes in pH. We chose
a well-characterized aptamer that specifically binds human
α-thrombin, 5′-GGTTGGTGTGGTTGG-3′ (a serine protease that
plays a key role in the blood-clotting cascade), at an appropriate
pH in the range 6–7 (Fig. 1a)26,27. Importantly, this aptamer is
known to denature reversibly and lose affinity for thrombin at a
low pH (Supplementary Fig. 1)32. Similarly, P(AAc-co-AAm) is a
well-studied biocompatible hydrogel that contracts at pH < pKa= 4.25
and swells at pH > pKa (Fig. 1b)17. We anticipated that linking
these two pH-responsive components with flexible epoxy
microstructures (10 μm width, 2μm length, 18 μm height, 5 μm
spacing) in a microfluidic system (see Supplementary Fig. 2.1 for
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To enable synchronized hydrogel actuation and target molecule catch and release in 

response to a single stimulus, we selected a hydrogel and an aptamer that both respond to 

changes in pH. We chose a well-characterized aptamer, 5’-GGTTGGTGTGGTTGG-3’, that 

specifically binds human α-thrombin, a serine protease that plays a key role in the blood-

clotting cascade, at appropriate pH in the range of 6-7 (Fig.1.6a).12 Importantly, this aptamer is 

known to reversibly denature and lose affinity for thrombin at low pH.13 Similarly, p(AAm-co-

AAc) is a well-studied, biocompatible hydrogel that contracts at pH < pKa = 4.25 and swells at pH 

> pKa (Fig.1.1b).4 We anticipated that linking these two pH-responsive components with flexible 

epoxy microstructures (10 μm width, 2 μm length, 18 μm height, 5 μm spacing) in a microfluidic 

system would enable selective and repetitive capture of active thrombin from a cocktail of 

molecules flowed in the top layer kept at constant pH, which corresponds to the highest 

binding efficiency of the aptamer. The target is released and collected in the bottom layer, 

facilitated by hydrogel volume change-induced microstructure bending, where the pH is 

alternated between basic and acidic conditions, as schematically presented in Fig.1.6c.  

To gain insight into factors affecting the performance of this hybrid system, computer 

simulations of the interactions occurring in the microfluidic system under flow were conducted 

in collaboration with Professor Anna Balazs and her group along with Dr. Olga Kuksenok at the 

University of Pittsburgh.ii Specifically, computer simulations were conducted of the interactions 

among oscillating fins, target proteins, which are modeled as “adhesive nanoparticles”, and 

non-target proteins, which are simulated as “nonadhesive particles,” to identify conditions 

when selective capture of the target adhesive nanoparticles from the upper mixed fluid stream 

                                                        
ii Computer simulations were conducted in collaboration with Dr. Ya Liu, Dr. Amitabh Bhattacharya, Dr. Yongting 
Ma, Dr. Olga Kuksenok, and Prof. Anna C. Balazs. 
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is followed by their release into the lower stream, which is initially free of particles. To model 

the actuation, a periodic motion on the fins was imposed so that the angle   between a fin and 

the lower wall varies sinusoidally with time between the values  = 2/  and  = low  with an 

angular frequency  . We focused primarily on the first half of the oscillation cycle, which 

corresponds to the contraction of the underlying gel. A pressure gradient, P , was applied 

that drove the fluid from the left to the right along the microchannel and past the oscillating 

fins, as marked by the arrow in Fig. 1.7a. The fins were kept stationary after they reached 
low , 

but a pressure gradient was continuously applied. We assumed that the interface between the 

two fluids remained at a constant position, 
inth , as is consistent with previous experimental 

observations.5, 9h When the fins were tilted at 
low , their tips were below the interface 

inth (Fig. 

1.7b). Importantly, only the fin sites that were located in the upper phase (above inth ) were 

assumed to be adhesive and able to form strong bonds with the adhesive nanoparticles. The 

binding between a fin site and nanoparticle was modeled through a Morse-potential, in which 

the binding depends on the particle-fin separation.14 These bonds were broken and the 

respective fins sites became nonadhesive to both types of nanoparticles if they were 

surrounded by the lower stream.   
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Figure 1.7. Computer simulations of the selective binding and release. a-b) snapshots of the system at 

the onset of the simulations at t=0 in (a) and at later times when the tilt angle between the fins and the 

bottom substrate was Θlow = π/6 in (b). The fins were anchored to the floor of a two-dimensional 

microchannel and assumed to be actuated by an underlying chemoresponsive gel. After the fins reached 

the angle Θlow, the fins’ motion was turned off, but the pressure gradient was continuously applied. 

Adhesive particles are shown in white and non-adhesive particles are shown in green; the total number 

of particles is N = 200 (100 of each type). The fluid streamlines are shown in white. c) Evolution of the 

fraction of particles in the lower stream for adhesive particles, Cadh(t) (blue) and for non-adhesive 

particles, Cnon-adh(t), (magenta), and the evolution of the number of bonds, Nbond, between the fins and 

the adhesive particles normalized by 100 (black). 

 

The simulations show that approximately 70% of the adhesive particles were captured 

from the upper stream and then released into the lower stream in a given simulation run, while 

less than 10% of the non-adhesive particles were drawn into the lower stream (Fig. 1.7c). This is 

evident from the respective time-evolution curves )(tC  (blue and magenta lines in Fig. 1.7c), 

which give the ratio between the numbers of nanoparticles of a given type in the lower phase 
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to the total number of particles of the same type. This selective catch-and-release process can 

be understood from the evolution of the number of the bonds formed between the adhesive 

particles and adhesive fin sites (black line in Fig. 1.7c).  The number of bonds formed saturates 

even when the fins were in the upper fluid, due primarily to the number of available adhesive 

sites in the system. The number of adhesive sites effectively limits the maximum number of 

nanoparticles that can potentially be collected in one actuation cycle since each site on a fin can 

form only a single bond with the adhesive nanoparticle. The simulations clearly demonstrate 

the feasibility of the proposed synchronized capture and release and selective sorting of the 

biomolecules.  

To experimentally realize this system, the microfluidic channel requires distinct inlets 

and outlets for the top and bottom layer to maintain independent control of the pH in each 

layer and to separate the target molecule from a complex ingoing mixture. The two fluid layers 

are under constant laminar flow and effectively do not mix within the microfluidic channel or 

cause microstructure bending by itself (Fig.1.8). The use of two separate inlets allows for 

control of the pH in each layer to create the chemically distinct environment for the concerted 

reconfigurations; the use of two separate outlets provides efficient sorting, without the need of 

washing steps to remove non-target proteins or separate elution steps to release the captured 

thrombin. Importantly, the dynamic chemo-mechanical response of the hydrogel to different 

pH in the bottom layer ensures the synchronized removal of the aptamer-bound thrombin from 

the top layer into the bottom layer with synchronized chemo-mechanical reconfiguration in a 

single step. Moreover, the ability to continuously separate the target molecule from the top 

layer allows for the recycling of the ingoing solution for multiple rounds, enabling separation of 
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nearly all of the target molecules for high-efficiency biomolecule detection, isolation and 

purification.  

 

 

Figure 1.8. Two-outlet microfluidic design. a) Schematic of microfluidic system fabrication. Inside an 8 x 

0.5 x 0.06 mm channel, microstructure epoxy fins (10 µm width, 2 µm length, 18 µm height, 5 µm pitch) 

were surrounded by a stimuli-responsive hydrogel. Two layers of laser-cut stickers and a layer of PDMS 

were used to define the channel inlets and outlets and the attached tubing was connected to a syringe 

pump. Laminar flow maintained two distinct fluid layers that were collected in spatially separated 

outlets. b) A confocal image taken at the branch point between the outlets for the top fluid layer 

(containing a fluorescein solution) and the bottom fluid layer (containing a Rhodamine B solution) 

demonstrates a clear separation between the two fluid layers and their diversion to distinct outlets. The 

epoxy microstructures, due to autofluorescence, are visible as bright vertical lines protruding from the 

bottom layer into the top layer. 

 

Such distinct inlets and outlets for the top and bottom layers were fabricated by stacking 

two different stickers that have a laser-cut channel (0.5 mm x 8 mm) and holes for tubing 

attachment (Fig. 1.8a). In order to collect two separate solutions, one that contains the 

sequestered molecule in the bottom and another that contains the rest of the mixture in the 
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top, the microfluidic channel was designed to branch into two outlets with a “Y”-shaped 

junction (Fig. 1.8a) that diverted the top and bottom-layer fluids to distinct collection outlets. 

Syringe pumps were used to inject two fluids through the tubing into the microfluidic channel, 

whose calibrated flow rates were used to define and maintain the top- and bottom-layer 

laminar flows.  

To enable pH-regulated capture and release, we tested the pH dependence of thrombin-

aptamer binding.15 Using an enzyme-linked oligonucleotide immunoassay (ELONA), we 

observed the highest thrombin-aptamer affinity at pH 6.3 (disassociation constant Kd,apparent ≅ 

14.8 nM), and thus, a buffer with pH 6.3 was used in the top layer where the aptamer-thrombin 

binding occurs (Fig.1.9). A buffer with pH 7.2 was used in the bottom layer to swell the hydrogel 

and straighten the microstructures so that the aptamer-bearing tips would protrude into the 

top fluid for binding. Once thrombin is captured by the aptamer in the top layer, the release of 

the target into the bottom layer would occur at a pH that permits both fast and sufficient 

hydrogel contraction and aptamer reconfiguration to decrease binding to thrombin. An ELONA 

showed substantial reduction in the aptamer-thrombin affinity in decreasing pH from pH 6.3 to 

pH 5.0 (Kd,apparent ≅ 35 nM) (Fig. 1.9).  Since the onset of hydrogel contraction is at pH 4.3, we 

chose a buffer with pH 3.2 for the use in the bottom layer to ensure both the sufficient bending 

of the microstructures and dissociation of the bound thrombin, as depicted in Fig. 1.6c.  
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Figure 1.9. Selection of pH buffer for aptamer-thrombin binding. a) Saturation curves of aptamer-

thrombin binding in different pH buffer solutions. b) Graph of apparent Kd constant of thrombin binding 

to the aptamer at different pH, calculated by linearizing the saturation curves of aptamer-thrombin 

binding (see Fig. 1.S1). 



 21 

The microfin tips were functionalized with aptamer by a stamping method. Briefly, a flat 

PDMS sheet on which solution containing the aptamer was spread was brought in contact with 

oxygen-plasma-activated epoxy microfin tips overnight followed by thorough rinsing with pH 

7.5 buffer. Functionalization of epoxy microfin tips with a DNA aptamer was verified by X-Ray 

photoelectron spectroscopy (XPS) (Fig. 1.10a), which shows a distinct phosphorous atom signal 

indicative of DNA, and confocal microscopy (Fig. 1.10b), which detected fluorescence 

corresponding to a modified DNA strand complementary to the aptamer on the tips of 

functionalized microfins, but not on control microfins.  

 

 

Figure 1.10. Characterization of aptamer functionalization on microstructure tips. a) XPS scan shows 

signal from phosphorous atoms that come from the backbone of bound DNA aptamer of functionalized 

epoxy microstructures; b) fluorescence images of an aptamer-functionalized microstructure surface 

before (left) and after (center) incubation with a fluorescently labeled complementary oligonucleotide, 

and of an unfunctionalized microdevice after incubation with the probe oligonucleotide (right). The 

ability of the functionalized microdevice to capture an oligonucleotide with complementary sequence 

demonstrates that the aptamer was successfully adsorbed to the surface of the microstructure tips. 

 



 22 

Fluorescently labeled thrombin was then flowed through the microfluidic channel and 

subjected to one cycle of capture (bottom layer pH = 7.2), transport, and release (bottom layer 

pH = 3.2). Confocal microscopy demonstrated that thrombin was bound to the tips of the 

microfins when the bottom layer solution had pH 7.2, and was absent after the bottom layer 

was replaced with a solution of pH 3.2 (Fig. 1.11a). In a control experiment, the fluorescence of 

the thrombin label remained unaffected by switching the pH from 6.3 to 3.2 (Fig. 1.11b), thus 

validating the successful release of thrombin at pH 3.2. 
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Figure 1.11. Catch and release of thrombin in the microfluidic system. a) Top-view confocal microscope 

images of thrombin capture and release with aptamer-functionalized microstructure tips in the biphasic 

microfluidic system. Images focus on microstructure tips and are composites of two wavelengths, 

488nm (to visualize autofluorescence of epoxy microstructures) and 543nm (to visualize Dylight dye-

labeled thrombin). Left image: microstructures stand upright when a basic buffer (pH 7.2) flows through 

the bottom layer; when a blank solution that contains no thrombin is flowed in the top layer, only epoxy 

autofluorescence is detected. Middle image: when the hydrogel is swollen in a basic buffer (pH 7.2), 

dye-labeled thrombin is flowed through the top layer and is captured by aptamers on the microstructure 

tips standing upright. Right image: introducing acidic buffer (pH 3.2) into the bottom layer bends the 

microstructures into the bottom layer and releases dye-labeled thrombin from the aptamer-

functionalized microstructure tips, whereas the blank solution flows in the top layer. b) Fluorescent 

images of Dylight dye-labeled thrombin in solution of pH 6.3 and pH 3.2 show similar fluorescence 

intensity of the dye in the releasing buffer of pH 3.2 (intensity: 32.2%) and in the binding buffer of pH 

6.3 (intensity: 31.6%), suggesting the Dylight dye is not affected by solution pH.  

 

Importantly, released thrombin retained antibody-binding activity comparable to that of 

untreated thrombin (Fig. 1.12a) as well as catalytic activity when reconstituted in higher pH 

buffer (Fig. 1.12b). 
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Figure 1.12. Retention of thrombin activity upon elution from microdevice. a) Thrombin activity to 

monoclonal antibody is substantially retained in acidic eluting medium. As compared to thrombin 

activity in the binding buffer of pH 6.3, the graph shows that the absorbance intensity measured by 

ELISA remains similar in the releasing buffer of pH 3.2. b) Thrombin eluted in acidic buffer of pH 3.2 from 

the bottom fluid of the microfluidic channel was reconstituted with a higher pH buffer and shown to 

maintain its catalytic activity to the fluorogenic substrate with peptide sequence, Benzoyl-Phe-Val-Arg-

AMC, as seen in this graph. Here, catalytic activity of thrombin in 5:6 v/v pH 3.2:pH 8.7 (▲) is shown 

along with that in identical pH reconstitute buffer (5:6 v/v pH 3.2:pH 8.7) without going through the 

device (●), and that in pH 6.3 buffer without going through the device (■). Thus, reconstitution of 

thrombin from low pH to higher pH maintains its catalytic activity. 

 

Computational simulation also showed that the fluid continues to flow along the 

channel above the bent fins for smooth protein release and movement to the collection outlet 

(Fig. 1.13). These results demonstrate that the microsystem enables concerted, non-destructive 

catch-transport-release of a target biomolecule, with the collected biomolecules remaining 

active and suitable for further use and analysis. 
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Figure 1.13. Effect of microstructures on hydrodynamic conditions. (a) and (b) are snapshots of the 

system at t = 1.95x105 and 3.125x105, respectively. (c) and (d) are the density plots of x-component and 

y-component of fluid velocity corresponding to (b), respectively. 

 

In order to systematically study and quantify the total binding capacity of the 

biomolecule sorting, as well as its effectiveness in capturing the target molecule, we injected 

into the device solutions of the same volume but with increasing concentrations of thrombin 

(translating into 0.5, 1.0, 2.0, 4.0 and 8.0 picomoles total thrombin), then proceeded through 

the release step, and collected and analyzed the bottom layer of outgoing solutions. The 

collected amount of thrombin increased with the increase in the injected amount and 

eventually leveled off, forming a plateau at ~0.7 picomole for 4.0 and 8.0 picomoles of ingoing 

thrombin (Fig. 1.14). This value represents the maximum binding capacity of the microfluidic 

sorting system with the given flow characteristics, dimensions of the channel, specific microfin 

area (0.5 mm x 8 mm) available for aptamer functionalization and exposed to the top layer. 

Although there is a clear plateau, error in these measurements represents experiments 

conducted with four different microdevices with the same dimensions and volume, in which the 
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differences could arise from aptamer functionalization and measurement of thrombin with 

enzyme-linked immunosorbent assay (ELISA).  

 

 

Figure 1.14. Sorting capacity of the microfluidic system. Increasing quantities of thrombin were pumped 

into the top layer of the microfluidic channel. After microstructure bending, the bottom layer solution 

was collected and the eluted thrombin was quantified by ELISA. The amount of captured thrombin 

saturated at 0.71 picomole, defining the sorting capacity. Error bars represent standard deviation, n = 4. 

 

This finite capacity correlates well with the simulations shown in Fig. 1.7 that suggest 

that no additional capture occurs when all adhesive sites are saturated. The sorting efficiency of 

the system can therefore be defined as the amount of target molecule captured, transported, 

and released in one actuation cycle relative to the dimension- and flow-determined maximum 

binding capacity of the system (0.7 picomole in the current set-up) for various ingoing 

biomolecule concentrations. Importantly, the same set of experiments utilizing either no 

the top layer, in which the aptamer–thrombin binding occurs
(Supplementary Fig. 1). A buffer with pH 7.2 was used in the
bottom layer to swell the hydrogel and straighten the microstruc-
tures so that the aptamer-bearing tips would protrude into the
top fluid for binding. Once thrombin is captured by the aptamer
in the top layer, the release of the target into the bottom layer will
occur at a pH that permits both a fast and sufficient hydrogel con-
traction and an aptamer reconfiguration to decrease the binding to
thrombin. An ELONA showed a substantial reduction in the
aptamer–thrombin affinity on decreasing the pH from pH 6.3 to
pH 5.0 (Kd,apparent = 35 nM) (Supplementary Fig. 1). The onset of
hydrogel contraction is at pH 4.3, so we chose a buffer with pH
3.2 for use in the bottom layer to ensure both a sufficient bending
of the microstructures and a sufficient dissociation of the bound
thrombin, as depicted in Fig. 1c.

Decoration of the epoxy microfin tips with a DNA aptamer was
verified by X-ray photoelectron spectroscopy (XPS) (Supplementary
Fig. 2.2b) and confocal microscopy, which detected fluorescence
that corresponds to a modified DNA strand complementary to
the aptamer on the tips of the functionalized microfins, but not
on the control microfins (Supplementary Fig. 2.2). Fluorescently
labelled thrombin was then flowed through the microfluidic
channel and subjected to one cycle of capture (bottom layer
pH = 7.2), transport and release (bottom layer pH = 3.2). Confocal
microscopy demonstrated that thrombin was bound to the tips of
the microfins when the bottom layer solution was at pH 7.2 and
was absent after this bottom layer was replaced with a solution of
pH 3.2 (Fig. 3a). In a control experiment, the fluorescence of the
thrombin label remained unaffected by switching the pH from 6.3
to 3.2 (Supplementary Fig. 3.1), which thus validates the successful
release of thrombin at pH 3.2. Importantly, the released thrombin
retained an antibody-binding activity comparable to that of
untreated thrombin (Supplementary Fig. 3.2). Computational simu-
lation also showed that thefluid continuesto flow along thechannel
above the bent fins for a smooth protein release and movement to
the collection outlet (see Supplementary Fig. 8). These results
demonstrate that the microsystem enables the concerted, non-
destructive catch–transport–release of a target biomolecule, with

the collected biomolecules remaining active and suitable for
further use and analysis.

Evaluation of the system’s catch-and-release capability. To study
and systematically quantify the total binding capacity of the
biomolecule sorting, as well as its effectiveness in capturing the
target molecule, we injected into the device solutions of the same
volume but with increasing concentrations of thrombin
(translating into 0.5, 1.0, 2.0, 4.0 and 8.0 picomoles total
thrombin), then proceeded through the release step, and collected
and analysed the bottom layer of the outgoing solutions. The
collected amount of thrombin increased with the increase in the
injected amount and eventually levelled off to form a plateau at
∼0.7 picomoles for 4.0 and 8.0 picomoles ingoing thrombin
(Fig. 3b). This value represents the maximum binding capacity of
the microfluidic sorting system with the given flow characteristics,
dimensions of the channel and specific microfin area (0.5× 8 mm)
both available for the aptamer functionalization and exposed to
the top layer. Although there is a clear plateau, the error in these
measurements represents experiments conducted with four
different microdevices with the same dimensions and volume, in
which the differences could arise from aptamer functionalization
and the measurement of thrombin with enzyme-linked
immunosorbent assay (ELISA). This finite capacity correlates well
with the simulations shown in Fig. 2, which suggest that no
additional capture occurs when all the adhesive sites are saturated.
The sorting efficiency of the system can be defined, therefore, as
the amount of target molecule captured, transported and released
in one actuation cycle relative to the dimension- and
flow-determined maximum binding capacity of the system
(0.7 picomoles in the current set-up) for various ingoing
biomolecule concentrations (see Methods for details).
Importantly, the same experiments with either no aptamer on the
fins or a scrambled sequence in place of the aptamer did not
produce detectable levels of thrombin in the bottom effluent layer
(Fig. 3b). Taken together, these results prove the ability of our
system to capture and release the target biomolecule from ingoing
solutions with a broad range of concentrations. Furthermore, they
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Figure 3 | Chemomechanically modulated sequential catch and release of thrombin in the microfluidic system. a, Top-view confocal microscope images of

thrombin capture and release with aptamer-decorated microstructure tips in the biphasic microfluidic system. All the images focus on microstructure tips

and are composites of two wavelengths, 488 nm (to visualize autofluorescence of the epoxy microstructures) and 543 nm (to visualize Dylight dye-labelled

thrombin). Left image: microstructures stand upright when a basic buffer (pH 7.2) flows through the bottom layer; when a blank solution that contains no

thrombin is flowed in the top layer, only epoxy autofluorescence is detected. Middle image: when the hydrogel is swollen in a basic buffer (pH 7.2),

dye-labelled thrombin is flowed through the top layer and is captured by aptamers on the microstructure tips standing upright. Right image: introducing

acidic buffer (pH 3.2) into the bottom layer bends the microstructures into the bottom layer and releases dye-labelled thrombin from the aptamer-decorated

microstructure tips, whereas the blank solution flows in the top layer. b, Sorting capacity of the microfluidic system. Increasing quantities of thrombin are

pumped into the top layer of the microfluidic channel (dimensions 0.5 mm × 8 mm × 0.06 mm). After microstructure bending, the bottom layer solution is

collected and the eluted thrombin is quantified by ELISA. The amount of captured thrombin saturates at 0.71picomoles, which defines the sorting capacity.

Error bars= standard deviation, n= 4.
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aptamer on the fins or a mismatched sequence in place of the aptamer did not produce 

detectable levels of thrombin in the bottom effluent layer (Fig. 1.14).  Taken together, these 

results prove the ability of our system to capture and release the target biomolecule from 

ingoing solutions having a broad range of concentrations. Furthermore, they demonstrate the 

robustness of the integrated chemistries of binding and release and their compatibility with the 

hydrodynamic and/or diffusion characteristics of the microfluidic sorting system.  

Most analytical applications require high levels of analyte separation and the ability to 

reuse the device multiple times. We anticipated that recycling the ingoing solution in our 

system would allow for recovery of the thrombin that was not captured in the previous cycles. 

Indeed, when a solution initially containing 2 picomoles of thrombin was introduced and 

recycled eight times through the microfluidic channel, the amount of recovered thrombin grew 

from ~0.7 picomole after the first cycle to ~1.9 picomoles, thus reaching nearly 95.5% of the 

total ingoing thrombin (Fig. 1.15a). This clearly demonstrates the system’s robustness and 

efficacy in repeated catch-transport-release cycles.  
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Figure 1.15. System performance in multiple oscillation cycles with recycling of the ingoing solution. a) 

Thrombin collected from recycling of the ingoing solution. Thrombin (2 picomoles) was pumped into the 

top layer of the microfluidic channel. After each actuation of the system, the bottom solution was 

collected and the top layer was recycled through the channel. Eluted thrombin was quantified by ELISA. 

The cumulative amount of eluted thrombin after each actuation was calculated and plotted. The control 

system that contained no aptamer showed no measurable elution of thrombin. b) Computer simulations 

show the evolution of the number of particles in the lower stream, N, for adhesive nanoparticles 

(magenta) and non-adhesive nanoparticles (blue) during nine oscillation cycles. 

 

Multiple actuation cycles were also examined in the computer simulations to probe the 

capture-transport-release dynamics associated with the repeated oscillations of the fins (Fig. 

1.15b). Here, the peak values correspond to the microstructures bent into the lower phase 

when the fraction of adhesive particles in the lower phase was maximized. Qualitatively similar 

to experiments, this peak value, or the fraction of particles removed from the upper into the 

lower stream, increases during each cycle. These simulations illustrate that the catch-and-

release effect is robust even in ‘harsher’ conditions in which a portion of the adhesive 

demonstrate the robustnessof the integrated chemistries of binding
and release and their compatibility with the hydrodynamic and/or
diffusion characteristics of the microfluidic sorting system.

Most analytical applications requirehigh levels of analyte separ-
ation and the ability to reuse the device multiple times. We antici-
pated that recycling the ingoing solution in our system would
allow for therecovery of thrombin that wasnot captured in thepre-
vious cycles. Indeed, when a solution initially containing 2 pico-
moles thrombin was introduced and recycled eight times through
the microfluidic channel, the amount of recovered thrombin grew
from ∼0.7 picomoles after the first cycle to ∼1.9 picomoles, thus
reaching nearly 95.5% of the total ingoing thrombin (Fig. 4a).
This clearly demonstrates the system’s robustness and efficacy in
repeated catch–transport–release cycles.

Multiple actuation cycles were also examined in the computer
simulations to probe the capture–transport–release dynamics
associated with the repeated oscillations of the fins. Here the peak
values correspond to the microstructures bent into the lower
phase when the fraction of adhesive particles in the lower phase
was maximized. Qualitatively similar to the experiments, this peak
value, or the fraction of particles removed from the upper into the
lower stream, increased during each cycle. These simulations illus-
tratethat thecatch-and-releaseeffect isrobust even in ‘harsher’ con-
ditions in which a portion of the adhesive nanoparticles is
continuously brought back into the upper stream during the recov-
ery stroke. In contrast, in theexperimental device, released proteins
flow through the lower stream outlet port. However, similar to the
experiments, in thesimulationsabout 95%of theadhesivenanopar-
ticles had been released into the lower phase by the ninth cycle
(Fig. 4b) and this number continued to increase in subsequent
cycles. This indicates that the catch-and-release system can be
expected to work in a qualitatively similar manner for a wide
range of recycling conditions.

To test experimentally the system’s ability to capture thrombin
selectively from a mixture of proteins, a solution that contained a
mixtureof thrombin and transferrin, an iron-binding plasma glyco-
protein, and a mixture of thrombin and bovine serum albumin
(BSA) were introduced into the microfluidic channel with
aptamer-decorated and unfunctionalized microstructures, as well
as microstructures functionalized with a scrambled DNA sequence

that does not bind thrombin32,37. The resulting top and bottom
fluids were collected separately and analysed by polyacrylamide
gel electrophoresis (PAGE). The thrombin aptamer-decorated
system selectively captured thrombin from thetop fluid and released
it in the bottom solution for both mixtures, with both BSA and
transferrin retained in the top layer; additionally, all the thrombin,
transferrin and BSA were retained in the top layer in the control
systems(Fig. 5a,b). To further test theefficacy of filtrating aspecific
protein from a more-complex blood-like environment, human
serum that contained thrombin was introduced into the system in
a similar way with the thrombin successfully separated out
(Fig. 5c and Supplementary Fig. 4), which confirms the design’s
generality and applicability to sorting biomolecules from mixtures.
It is evident that there is very little non-specific interaction of the
device with the solution mixture, because non-specific fouling is
reduced by the constant flow of biomolecules through the device.

Each component of our chemomechanically modulated system
can be tailored individually to produce the desired output. For
example, the hydrogel composition, microstructure material, geo-
metry and array dimensions, and functionalization of the micro-
structure tips can all be adjusted. As one example, the hydrogel
composition can be changed to alter its response time or its
degreeof swelling (and, correspondingly, thetilt angleof themicro-
fins, θlow). With theaid of thecomputer simulations, wecan predict
the influence of these parameters on the system’s performance. For
instance, we show that for a given interface height, there is a well-
defined range of θlow values that results in an efficient catch and
release; however, an increase in θlow above the threshold value
results in a rapid decrease in the fraction of adhesive particles
released into the lower stream (Supplementary Fig. 6). We found
the system’s performance to be relatively insensitive to τdown

(Supplementary Fig. 7). Finally, our simulations show that varying
the position of the fluid–fluid interface can also be used to adjust
the system’s efficiency and indicate an optimal interface height for
a given fin length (see Supplementary Section 5.2.1).

Conclusions
We have designed and tested a miniature bioinspired microfluidic
system that uniquely couples pH-manipulated microfin actuation
with pH-dependent aptamer unfolding and refolding for
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Figure 4 | System performance in multiple oscillation cycles with recycling of the ingoing solution. a, Thrombin collected from recycling of the ingoing

solution. Thrombin (2 picomoles) was pumped into the top layer of the microfluidic channel. After each actuation of the system, the bottom solution was

collected and the top layer was recycled through the channel. Eluted thrombin was quantified by ELISA. The cumulative amount of eluted thrombin after

each actuation was calculated and plotted. The control system that contained no aptamer shows no measurable elution of thrombin; the aptamer-

functionalized system shows elution of 95.5% of the ingoing thrombin in the bottom layer after eight cycles of capture and release. The near-quantitative

recovery of the ingoing thrombin suggests that the surfaces of the microfluidic channel and the hydrogel have very little non-specific association with the

target protein. b, Computer simulations that show the evolution of the number of particles in the lower stream, N, for adhesive nanoparticles (in magenta)

and non-adhesive nanoparticles (in blue) for a total of 200 particles (100 of each type) during nine oscillation cycles.
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nanoparticles are continuously brought back into the upper stream during the recovery stroke. 

In contrast, in the experimental device, released proteins flow through the lower stream outlet 

port. However, similar to the experiments, in the simulations about 95% of the adhesive 

nanoparticles had been released into the lower phase by the ninth cycle (Fig. 1.15b) and this 

number continued to increase in subsequent cycles. This indicates that the catch-and-release 

system can be expected to work in a qualitatively similar manner for a wide range of recycling 

conditions. 

To experimentally test the system’s ability to selectively capture thrombin from a 

mixture of proteins, a solution containing a mixture of thrombin and transferrin, an iron-binding 

plasma glycoprotein, as well as a mixture of thrombin and bovine serum albumin (BSA) were 

introduced into the microfluidic channel with aptamer-functionalized and unfunctionalized 

microstructures, as well as microstructures functionalized with a scrambled DNA sequence that 

does not bind thrombin.13, 16 The resulting top and bottom fluids were collected separately and 

analyzed by polyacrylamide gel electrophoresis (PAGE). The thrombin aptamer-functionalized 

system selectively captured thrombin from the top fluid and released it in the bottom solution 

for both mixtures, with both BSA and transferrin retained in the top layer; additionally, all the 

thrombin, transferrin and BSA were retained in the top layer in the control systems (Fig. 1.16a, 

b). To further test the efficacy of filtrating a specific protein from a more complex, blood-like 

environment, human serum containing thrombin was introduced into the system in a similar 

way with the thrombin successfully separated out (Fig. 1.16c), confirming the design’s 

generality and applicability to sorting biomolecules from mixtures. It is evident that there is 
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very little non-specific interaction of the device with the solution mixture, because non-specific 

fouling was reduced by the constant flow of biomolecules through the device.  

 

 

Figure 1.16. PAGE analysis of eluted top and bottom solutions after cycling. A solution of thrombin 

mixed with different interfering non-target protein(s), including a, transferrin, b, bovine serum albumin 

(BSA), and c, 1%, 0.5% and 0.1% human serum, was pumped into the top layer of the microsystem.  The 

top layer was recycled multiple times through the channel over repeated hydrogel actuations and was 

collected after the final actuation, whereas solutions from the bottom layer were collected after each 

actuation and pooled for PAGE analysis. In a, in control experiments in which the microstructures were 

either unfunctionalized or functionalized with a nonbinding scrambled DNA sequence, both thrombin 

and transferrin were retained in the top layer. 
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Conclusion 

We have designed and shown autonomous oscillatory behavior of SMARTS that is able 

to maintain local temperature within a narrow range defined by the hydrogel used in the device. 

We proceeded to expand the applicability of SMARTS as a miniature bio-inspired microfluidic 

system towards bioseparation. Specifically, we showed that the platform can uniquely couple 

pH-manipulated microfin actuation with pH-dependent aptamer unfolding and refolding for 

biomolecule catch-transport-release, offering non-destructive separation of specific molecules 

from a complex solution through a robust and tunable chemo-mechano-biochemical process. 

Additionally, the reversibility of hydrogel swelling and aptamer folding allows for repeated 

processing of a single input solution, enabling multiple recycling and high capture of the target 

molecules from the initial mixture. Compared to other small-volume biomolecule sorting 

systems that rely on external electric fields,17 IR,18 and magnetic fields,7e, 19 and require 

chemical modifications of the biomolecules of interest,20 which leads to the once-only use of a 

given set-up,21 or requires a series of sequential steps for the release of the biomolecule and/or 

reuse of the device,13, 22 our system can exploit coupled chemistries in a microfluidic channel to 

yield both efficient (minimal steps) and effective (recovery of almost all of the target 

biomolecule from solution) output. 

The reversible chemo-mechanical modulation character of this system makes it suitable 

for numerous applications that require separation of microliter samples for downstream 

analysis with low turnaround time. The variability and tunability of the hydrogel, aptamer 

binding strength, geometry and material of the microstructure, and flow characteristics make 

this system a broad-based, customizable platform for multiple applications. The 



 32 

microstructures can be functionalized with a diverse array of environmentally-responsive 

aptamers, antibodies, catalysts, or small molecules, in principle allowing the sequestration of 

several target molecules. SELEX, or systematic evolution of ligands by exponential enrichment, 

allows for easy identification of aptamer sequences that can target a broad range of proteins 

and molecules under a variety of conditions, allowing for the selection of a binding that is 

responsive to factors such as pH, temperature, salt and so on.23 As research on aptamers 

expands and modification of aptamers with appropriate ionizable groups becomes increasingly 

viable24 for pH-dependent behavior, our platform can also be used for such targets. In addition, 

G-quartet binding, which is involved in the aptamer-thrombin binding in this work, is evident in 

many other sequence-target configurations, making our proof-of-concept likely applicable to 

these other biomolecules as well. 25 The chemistry of the hydrogel can be tuned to achieve 

stimuli-responsive sorting at various conditions, as hydrogels can be made to respond to 

temperature, light, electric and/or magnetic fields, ionic concentration and so on. Such a broad 

spectrum of multiple chemistries possible within a single, dynamic system could find further 

applications not only in biomedical fields, but also in the fields of inorganic and/or synthetic 

chemistry for the microfluidic analysis of chemical binding/releasing and sensing to determine 

chemical purity, chirality, molecular binding kinetics or affinity in different environments. 

 

Future Directions 

Using the same concept described above, we aim to explore and expand the 

biomolecular sorting capability in modified SMARTS and apply it to the concerted sorting of T-

lymphocyte cells using volume changes of the thermo-responsive hydrogel, poly(N-isopropyl 
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acrylamide), pNIPAAm, which transitions from a swollen hydrophilic state to a contracted 

hydrophobic state when the temperature is increased above its LCST (lower critical solution 

temperature), ~32°C. iii Cells, which are typically micron-sized, are of a different length scale and 

responsiveness than proteins, which are typically nanometer-sized. We hypothesized that due 

to the relatively large size of cells (10-15 microns) and the small hydrogel pore size (< 10 

microns), the cells would solely interact with the hydrogel surface, removing the need for 

actuating microstructures. Thus we envisioned altering SMARTS by removing the 

microstructures, effectively eliminating several fabrication steps. Instead, we functionalized the 

hydrogel directly with a thermo-sensitive aptamer (sgc8c aptamer, sequence 5’-TTT TTT ATC 

TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA GGG TTA GAT-3’) known to specifically bind to 

the CCRF-CEM cells (CCL 119, human T lymphocytic leukemia cell line).26 This was done by 

conjugating the aptamer with an acrydite functional group, allowing for covalent attachment to 

the hydrogel during free-radical polymerization (Fig. 1.17). 

 

Figure 1.17. Aptamer functionalization of pNIPAAm hydrogel. Acrydite functionality of the aptamer 

allows for it to covalently attach to the pNIPAAm hydrogel by free-radical polymerization. 

                                                        
iii The preliminary work described here was conducted in collaboration with Marie Krogsgaard during her position 
as visiting researcher in the Aizenberg Lab from Aarhus University.  
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The secondary structure of the cell binding aptamer is shown in Figure 1.18. Below its 

melting temperature (Tm = 33.5°C), it adopts a hairpin structure, allowing it to recognize a 

membrane protein present on the CCRF-CEM lymphoblastic leukemia cells, thus enabling 

selective binding of the cells.26 Subsequently, increasing the temperature above its Tm prompts 

denaturation of the aptamer and cell release. 

 

 

Figure 1.18. Schematic of catch and release of cancer cells using integrated temperature response of 

aptamer and hydrogel. Left- schematic of cell-binding sgc8c aptamer secondary structure and its 

reconfigurable response to temperature along with the thermo-responsive hydrogel pNIPAAm. Right- 

diagram of cell-binding aptamer conjugated to pNIPAAm, and the concerted catch and release of T-

lymphoblast cells under flow. (Schematic courtesy of Marie Krogsgaard). 

 

The projected design integrating the chemo-mechanical response of pNIPAAm with the 

stimuli-responsive configuration of the aptamer is shown in Figure 1.18. Similar to the SMARTS 
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based system, the top layer of the biphase microfluidic device will be used to introduce 

mixtures of cells. When the temperature is below LCST (and below Tm) the hydrogel swells and 

brings the aptamers into the top solution where they bind the target cancer cells. When the 

temperature is increased to above LCST and Tm, the gel contracts and the captured cells are 

brought into the bottom layer where they are released due to aptamer denaturation. 

Preliminary studies were conducted to determine viability of the system. XPS was used 

to determine whether the aptamer could be successfully attached to the hydrogel by free-

radical polymerization and indeed showed a distinct phosphorous signal in the aptamer-

pNIPAAm spectrum, confirming that the aptamers were present on the surface of the samples 

(Fig. 1.19a). Additionally, UV absorption measurements showed the characteristic DNA 

absorption at 260nm while control pNIPAAm hydrogel containing no aptamer did not show this 

signal (Fig 1.19b).  

 

 

Figure 1.19. Characterization of aptamer functionalization of pNIPAAm hydrogel. a) XPS signal of 

phosphorous region in pure pNIPAAm (left) and aptamer-pNIPAAm (right) showing aptamer 

incorporation in the modified pNIPAAm but not in the control pNIPAAm. b) UV absorption profiles of 

pure pNIPAAm and aptamer-pNIPAAm showing DNA absorption at 260 nm. 
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We proceeded to conduct experiments to preliminarily evaluate the system’s catch and 

release capability. During cell sorting, the hydrogel was exposed to temperatures ranging from 

25°C to 45°C. Although the system would eventually be in continuous laminar flow during cell 

capture and release, it was important to determine that the cells would not attach non-

specifically to unmodified pNIPAAm in the relevant temperature range and that cell capture 

occurred specifically through aptamer binding. This was measured by incubating CCRF-CEM 

cells on unmodified pNIPAAm at room temperature and at 45°C for 10 minutes, and 

subsequently removing unbound cells by depositing cell binding buffer (Dulbecco’s PBS 

containing 4.5 g/L glucose, 10 mM MgCl2, and 0.1 w/v % BSA) on top of the hydrogel and 

shaking the sample at 90 rpm for 30 sec on an orbital shaker. The remaining cells were imaged 

with an inverted fluorescent microscope (Olympus IX71) and counted. pNIPAAm did not show 

non-specific cell attachment both below (25 ± 12 cells/mm2) and above (18± 9 cells/mm2) the 

LCST, suggesting pNIPAAm can be used in the system for specific cell catch and release. 

Experiments were then conducted on aptamer-functionalized pNIPAAm hydrogel in 

order to determine if temperature changes allowed for T-lymphoblast cell capture and release. 

Fluorescently labeled cells were captured with an incubation time of 10 minutes at room 

temperature and unbound cells washed off as described above. The remaining cells were 

imaged using an inverted fluorescent microscope (Olympus IX71). To confirm that cell 

detachment is induced by temperatures above Tm, the wash was repeated at 45°C (T > Tm). 

This can be seen in Figure 1.20, where fluorescence microscopy images reveal that even after 

two consecutive cell release steps implemented at room temperature, the cells remain 

attached to the sample, but after treatment at 45°C, the cells were released. This result 
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suggests that incubating the samples at 45°C (T > Tm) could successfully switch cell binding to 

cell release. Further study of this system is ongoing to show efficient cell capture and release by 

the aptamer-modified hydrogel in a microfluidic regime under constant laminar flow.  

 

Figure 1.20. Cell catch and release with aptamer-functionalized hydrogel. Fluorescence images of cell 

catch at RT with 10 minutes incubation time followed by two cell release steps at RT and at 45°C. 

 

The results achieved by aptamer-functionalized SMARTS so far pave the way to design 

similar catch-and-release systems by integrating various chemo-mechanical responses in the 

microfluidic device. Applications of this system are mainly limited by its miniature scale, which 

are brought about by the requirement of laminar flow under the Rayleigh regime. Possible 

future directions of this work include the development of high-throughput sorting by 

engineering designs involving parallel synchronization and automated solution recycling, among 

other developments. Additionally, there is much demand for separation of various targets that 

go beyond the field of biomedicine. This includes other practical applications as in the 

24 

 

3.2.3 Cell release 

In this section the temperature-mediated cell release will be addressed. At the time where the cell 

release was attempted, my internship was about to end so two proof-of-concept studies were 

conducted. Prior to the experiments, cells were captured as described in section 3.2.2 with an 

incubation time of 10 minutes. Subsequently, the cell catch was converted to cell release by adding 50 

µL cell binding buffer with a temperature of 45
o
C after which the sample were incubated for 1 minute 

in a 45
 o
C oven (T > Tm). The detached cells were removed by gently shaking the sample at 90 rpm for 

30 seconds and the remaining cells were imaged using the inverted microscope.  Figure 22 shows 

overview images of the same part of the sample captured before and after cell release. The left image 

shows hundreds of captured cells and the right image reveals that close to zero cells remain after the 

45
o
C treatment; hence, the release efficiency is close to a 100%. 

 

 

 

 

 

 

 

To confirm that cell detachment is induced by temperatures above Tm, the cell release experiment was 

repeated at room temperature (T < Tm). In figure 23, fluorescence microscopy images reveal that even 

after two consecutive “cell  release”  steps  performed at room temperature, the cells remain attached to 

the sample (except from cells within the  rectangular part of the sample, which unfortunately were 

mechanically removed by touching).  

 

 

 

 

 

 

 

 

 

Figure 23: Fluorescence images of cell catch at RT with 10 minutes incubation time 
followed by two cell release steps at RT and one at 45 °C (4x magnification). 

 

Figure 22: Fluorescence microscope images of cell catch at RT (left) and cell release at 45 °C 
(right) (4x magnification). 

 

 hydrogel edge  hydrogel edge 
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separation of sugars in sugar milling, in waste treatment, in the petrochemical industry, and 

ultimately even in the sequestration of certain chemicals or compounds with specific properties 

(chirality, crystallinity, etc.).   

 

Materials and Methods 

Chemicals: Acrylamide (AAm), acrylic acid (AAc), N-isopropylacrylamide (NIPAAm), dodecyl 

acrylate, glycidyl methacrylate (GMA), 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure® 2959, photoinitiator), 2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur® 1173, 

photoinitiator), N,N’-methylenebisacrylamide, (tridecafluoro-1,1,2,2-

tetrahydrooctyl)trichlorosilane, cumene hydroperoxide (80% solution), triphenylcarbenium 

hexafluorophosphate (Ph3CPF6), sodium azide, and dithiothreitol were purchased from Sigma-

Aldrich (St. Louis, MO). Polydimethylsiloxane (PDMS) (Dow-Sylgard 184) was purchased from 

Ellsworth (Germantown, WI) and UVO-114 was purchased from Epoxy Technology (Billerica, 

MA). All the chemicals, except NIPAAm, which was recrystallized from hexane, were used as 

received. For ELONA measurements, streptavidin-coated 96-well plates, clear, were ordered 

from Thermo Scientific (Rockford, Illinois). Anti-thrombin HRP Polyclonal antibody conjugate for 

ELONA assays was purchased from Thermo Scientific (Rockford, Illinois). A solution of TMB 

(tetramethylbenzidine) with hydrogen peroxide was purchased from Thermo Scientific 

(Rockford, Illinois). For thrombin detection, a thrombin-specific ELISA kit was purchased from 

Antibodies-online.com (Atlanta, Georgia). Human plasma thrombin was purchased from EMD 

Millipore Chemicals (Billerica, MA). Human transferrin, 98%, and human serum from human 

male AB plasma were purchased from Sigma-Aldrich (Allentown, PA). 
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SMARTS fabrication: Microfins were made by polymerizing epoxy resin (UVO-114 with 10 wt% 

glycidyl methacrylate) within polydimethylsiloxane molds that were replicated from silicon 

masters with corresponding geometry. Microfins were partly embedded in hydrogel by 

depositing an appropriate amount of hydrogel precursor solution (see below) on the microfin-

bearing epoxy substrates and curing under ultraviolet light. To create a bilayer of aqueous 

liquids on top of the sample, the sample was integrated in a microfluidic device. Channels were 

laser-cut into acrylic, double-sided adhesive sheets, each 60 µm thick, and placed on top of the 

sample, and the channels were capped with polydimethylsiloxane allowing integration with 

polyethylene tubing, creating two inlets connected to two syringe pumps and an outlet. The 

height of the liquid-liquid interface was adjusted by changing the flow rates of the two ingoing 

solutions. To create a bilayer of organic-aqueous liquid, the two solutions of fixed volumes were 

sequentially placed on top of the microfins, forming a stable interface at a fixed height. 

Synthesis of the pH-responsive gel: The precursor solution for the pH-responsive hydrogel was 

20% AAm, 20% AAc, 2% crosslinker bis-AAm and 1% UV-initiator Irgacure® 2959 by weight in 

deionized water. 

Synthesis of the temperature-responsive gel: The precursor solution for the temperature-

responsive hydrogel was 40% NIPAAm with 2% crosslinker bis-AAm and 0.5% UV-initiator 

Darocur® 1173 by weight in DMSO. Photocured hydrogel was soaked in deionized water 

overnight to achieve the full exchange of solvent and yield the maximum swelling ratio. 

Decoration of the microstructure tips by PDMS Stamping: Deposition of fluorescein, 

Cu(PPh3)2NO3, Ph3CPF6 or H2PtCl6 catalysts on the microstructure tips was accomplished using a 

stamping method. Hydrogel-embedded microstructures were treated by O2 plasma for 30 s to 
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form reactive epoxide and hydroxyl groups on the epoxy tips. A flat PDMS stamp on which was 

spread the catalyst solution was gently brought into contact with the top surface of the 

microstructures. The solutions used for stamping were as follows:  

a) for the fluorescence quenching, 100 mg/L fluorescein in 1:1 v/v water:ethanol;  

b) for the hydrosilylation reactions, 1 mg/mL H2PtCl6 in deionized water.  

c) for cumene hydroperoxide decomposition, 40 mg/mL Ph3CPF6 in ethanol.  

d) for “click” reaction, 50 mg/mL Cu(PPh3)2NO3 in chloroform.  

The stamp was left on the microstructure surface overnight to let the water or solvent 

completely evaporate, leaving the catalyst or dye attached to the epoxy surface through 

covalent bonding and/or non-specific adsorption. The unbound catalyst was washed from the 

sample surface by rinsing with water or buffer.  

Evaporative deposition on the PDMS mold: To deposit metallic Pt on microfin tips for H2O2 

decomposition, a 100-nm-thick Au (as a sacrificial layer) and a 100-nm-thick Pt layer were 

sequentially deposited on a negative PDMS mold by thermal evaporator. Such deposition 

resulted in the formation of Pt regions on the bottom of the wells and on the top PDMS surface. 

The top layer of the metal was then removed by scotch tape repetitively in order to retain the 

metals only in the bottom of the wells of the PDMS mold. Polymerization of epoxy within such a 

mold yielded microfin structures with Au/Pt on their tips. Au layer was removed by etching with 

HF (hydrofluoric acid), exposing the Pt catalyst on the tips of the epoxy fins.  

Fluorescence quenching in SMARTS: The reagent solution in the upper phase was 0.6 mol/L KI 

aq. solution. The lower phase was HCl aq. solution of pH 3 or NaOH aq. solution of pH 6, 

alternatively flowing in the microfluidic channel, in order to drive the periodic actuation of 
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hydrogel-embedded microstructures.  

Pt-catalyzed hydrogen peroxide decomposition in SMARTS: The reagent solution was 0.5% H2O2 

aq. solution. The lower phase was the same as above for fluorescence quenching.  

Self-regulation of temperature in SMARTS with exothermic reactions:  

For SMARTS with hydrosilylation reaction: two types of T-responsive hydrogels were used – 

pNIPAAm and pNIPAAm with 5 mol % butylmethacrylate (BMA). The hydrosilylation reagent 

solution was 1-hexene:triethylsilane at 1:1 (by mol, both in liquid form). An 8 mm x 8 mm 

square reservoir was made by polyacrylic spacer and encapsulated by placing a cover slip on the 

top. The hydrogel-embedded microfins in the reservoir were immersed in 4.0 μL reagent 

solution in the top phase and 1.0 μL DIW in the bottom phase. For comparison with the neat 1-

hexene:triethylsilane reaction, 80% (vol./vol.) 1:1 (by mol) 1-hexene:triethylsilane in toluene 

solution and 1:1 (by mol) 1- hexene:diphenylsilane solution were also used as the top phase in 

identical conditions. 

For SMARTS with cumene hydroperoxide decomposition: the microfins with tips functionalized 

with triphenylcarbenium hexafluorophosphate were immersed in 4.0 μL 40% (vol./vol.) cumene 

hydroperoxide in toluene in the top phase and 1.0 μL DIW in the bottom phase. 

For SMARTS with “click” reaction: The microfins with tips functionalized with 

nitratobis(triphenylphosphine)copper(I) were immersed in 4.0 μL 1:1 (by mol) octyl azide (2.5 

μL) and phenylacetylene (1.5 μL) in the top phase and 1.0 μL DIW in the bottom phase. 

SMARTS characterization: Optical imaging was done using an inverted microscope. Time-

resolved temperature monitoring of SMARTS with incorporated exothermic reactions was 
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carried out by precision fine wire thermocouples connected to a temperature controller and a 

computer. 

DNA synthesis:  Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, 

IA) or synthesized on a PerSeptive Biosystems Expedite 8909 DNA synthesizer using reagents 

and phosphoramidites purchased from Glen Research (Sterling, VA).  Oligonucleotides were 

synthesized and deprotected according to manufacturer’s protocols and purified by either 

oligonucleotide purification cartridge (ABI) or by reverse-phase high pressure liquid 

chromatography (HPLC, Agilent 1200) using a C18 stationary phase and an acetonitrile/100 mM 

trimethylammonium acetate gradient.  Non-commercial oligonucleotides were characterized by 

LC/ESI-MS with reverse phase separation on an alliance 2695 (Waters) HPLC system using a 

UPLC BEH C18 column (1.7 µM, 2.1 x 50 mm) stationary phase and a 6 mM aqueous 

triethylammonium bicarbonate/methanol mobile phase interfaced to a Q-Tof Micro mass 

spectrometer (Waters). Thrombin aptamer: 5’-GGTTGGTGTGGTTGG-thiol C6 SS -3’ using the 3’ 

thiol C6 modified CPG resin (Glen Research). Biotinylated thrombin aptamer: 5’-

GGTTGGTGTGGTTGG-biotinTEG -3’ using the 3’ biotinTEG resin (Glen Research). Scrambled 

thrombin aptamer: 5’-GGTGGTGGTTGTGGT-thiol C6 SS –3’.  Thrombin apatmer probe: 5'-

/5Cy5/ CCA ACC ACA CCA ACC -3'. 

Deprotection of Aptamer Disulfide to Free Thiol: Purified DNA aptamers were diluted in 

phosphate buffered saline (PBS, pH 7.2) and combined with 0.1 volumes of 1 M dithiothreitol 

(DTT, Sigma Alrich). This mixture was incubated at room temperature for 30 minutes before the 

free 3’-thiol linked aptamer was recovered by ethanol precipitation.  
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Functionalization of Microstructure Tips with Aptamer: A PDMS block was used to stamp 3’thiol-

modified aptamers onto the epoxy microfins. 20 µL of a 10 mM aptamer solution was applied 

to a small area of PDMS, which was then carefully placed on top of the oxygen-plasma treated 

epoxy structures and left to incubate overnight at 4°C. Thorough washing of the sample 

removed excess, unbound aptamer from the microstructured sample. 

Determination of pH buffer for aptamer-thrombin binding and releasing: The pH dependence of 

aptamer-thrombin binding was studied using enzyme-linked oligonucleotide assay (ELONA).  

ELONA/immunoassay experiments were carried out similarly to those described by Baldrich et 

al.,15b in which 50 nM biotinylated DNA aptamer was immobilized on a streptavidin-coated 

plate using 1X PBS, pH 7.4 for 30 min at 37°C. After washing three times with 200 µL PBS-

Tween20, 200 µL PBS-casein blocking buffer was applied overnight at 4°C. After washing three 

times with 200 µL PBS-Tween20, 100 µL of a dilution series of thrombin (500 nM – 2 nM) was 

deposited and left to incubate for 50 min at room temperature. After another 3X wash with 

PBS-Tween20, 100 µL of 80-100 mM phosphate buffers of pH 5.0, 6.3, 7.2, and 8.7 with 0.05% 

v/v Tween 20 were applied and incubated for 30 min, after which another round of PBS-

Tween20 washes were applied.  In order to measure the amount of thrombin bound to the 

immobilized aptamer, anti-thrombin HRP (horseradish peroxidase) conjugate was deposited 

and incubated for one hour, after which a standard protocol for HRP quantification was 

followed.15b Briefly, a solution of TMB and H2O2 was added and the color development at 650 

nm was measured for 10 minutes. After 20 minutes, HCl was added and absorbance at 450 nm 

was measured on the SpectraMax M5 from Molecular Devices. The absorbance intensity was 

plotted as a function of thrombin concentration for each pH used (Fig. 1.9). While the inflection 
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of these curves reflect the Kd constant of thrombin-aptamer binding, the apparent Kd between 

the surface-immobilized aptamer and thrombin was estimated at each pH by linearizing the 

data of absorbance as a function of thrombin concentration according to the procedure 

described by Ovadi, et al.27 The apparent Kd was estimated as the inverse slope of the linearized 

plots (Fig. 1.S1). 

Fabrication of microfluidic system:  The system consists of an array of epoxy fins 18 µm in 

height, 2 µm in depth, 10 µm long, with a pitch of 5 µm, which are made from a negative PDMS 

mold of identical dimensions by UV-curing UVO-114 epoxy resin with 10 wt% glycidyl 

methacrylate. The PDMS mold itself is cast from a silicon master. Subsequently, 2 µL of pH-

sensitive poly(acrylamide-co-acrylic acid) hydrogel precursor solution (20% acrylamide (AAm), 

20% acrylic acid (AAc), 2% crosslinker bis-AAm and 1% UV-initiator Irgacure® 2959 by weight in 

deionized water) was deposited on the epoxy structures and spread by gently placing an 18 mm 

x 18 mm coverslip on top. The hydrogel was then UV-cured with a photomask that defines the 

channel area, 0.5 mm wide and 8 mm long rectangle, for about 7 minutes with a 100 mW/cm2 

lamp. Channels were formed by placing polyacrylic double-sided adhesive sheets with the same 

sized rectangle cut by laser cutter on top of the sample. Distinct inlets and outlets for the top 

and bottom layers were fabricated by stacking two different stickers that have a laser-cut 

channel (0.5 mm x 8 mm) and holes for tubing attachment. In order to collect two separate 

solutions, the microfluidic channel is designed to branch into two outlets with a “Y”-shaped 

junction (Fig. 1.8) and thus divert the top and bottom-layer fluids to distinct collection outlets. 

Syringe pumps were used to inject two fluids through the tubing into the microfluidic channel, 

and their calibrated flow rates were used to define and maintain the top- and bottom-layer 
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laminar flows. The channels were subsequently capped with a polydimethylsiloxane sheet 

allowing integration with polyethylene tubing, creating two inlets each connected to a syringe 

pump, and two separate outlets. 

Biomolecule sorting and collection in microfluidic system: 100 µL of 500 nM BSA blocking 

solution was flowed through the channel. Subsequently, 100 µL of thrombin solution in pH 6.3 

buffer was flowed in the top layer while 100 µL of pH 7.2 buffer was flowed in the bottom layer. 

To determine the sorting capacity of the microfluidic system, 100 µL of different initial 

thrombin concentrations, 5 nM, 10 nM, 20 nM, 40 nM, 80 nM was flowed in the top layer. 100 

µL of outgoing solution was collected from the top layer. The flow rate was 10 µL/min for the 

top fluid and 30 µL/min for the bottom fluid, respectively. For biomolecule release, 100 µL of 

pH 6.3 buffer containing no biomolecules was flowed in the top layer and 100 µL of pH 3.2 

buffer was flowed in the bottom layer to contract the hydrogel and release bound biomolecules. 

100 µL of outgoing solution was collected from the bottom layer. Collected aliquots were 

diluted and analyzed with ELISA (described below). To determine the sorting ability with 

multiple sorting cycles of a given thrombin solution, the process described was repeated eight 

times whereby the same initial ingoing thrombin solution in the first cycle was reintroduced 

through the top layer each subsequent cycle. 

PAGE experiment for selectivity test: Fractions from the top and bottom layers of the channel 

were collected and pooled after several actuations conducted upon an ingoing mixture solution 

containing 20 nM thrombin and 20 nM transferrin, 20 nM bovine serum albumin (BSA), or 1%, 

0.5% and 0.1% human serum. The top layer eluting solutions were re-pumped in the 

microsystem for multiple times, 8 times for transferrin- and BSA-containing mixture and 40, 20, 
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10 times for 1%, 0.5% and 0.1% serum mixtures. Fractions were concentrated by lyophilization, 

redissolved in 1x NuPAGE protein loading buffer (Invitrogen), heated to 95˚C for 5 minutes and 

analyzed by electrophoresis (12% NuPAGE gel (Invitrogen), 200 V, 45 min).  The gel was 

subsequently stained with Sypro Ruby (Sigma) and imaged on a ChemiImager. 

ELISA experiment for quantitative measurement of thrombin concentration: To measure the 

amount of thrombin eluted from the top and bottom layer of the microfluidic channel, a 

thrombin-specific ELISA kit (Fisher Scientific) was used. Standard curves were made of thrombin 

at known concentrations in the relevant pH buffers, pH 6.3 and pH 3.2. Aliquots of collected 

solution from the top and bottom layer were diluted appropriately and dispensed along with 

the standard solutions onto a microplate pre-coated with a monoclonal antibody specific for 

thrombin.  After incubation of the thrombin solutions for 2 hours, the unbound thrombin was 

washed away. A biotinylated polyclonal thrombin antibody was then incubated on the 

microplate for 1 hour. After washing away excess, unbound anti-thrombin, streptavidin 

peroxidase conjugate was deposited on the microplate to recognize the bound anti-thrombin 

antibody and left to incubate for 30 minutes. After washing away excess streptavidin 

peroxidase conjugate, a chromogenic substrate, TMB, was added to the microplate and 

incubated for 10 minutes after which 0.5 N HCl solution was added to stop the chromogen 

substrate reaction and the absorbance was quantified at 450 nm. The intensity of absorption at 

450 nm for collected thrombin was compared to a standard curve to calculate the amount of 

collected thrombin on the SpectraMax M5 from Molecular Devices. 

Synthesis of sgc8 aptamer-functionalized NIPAAm hydrogel: A precursor solution consisting of 

70.0 mg NIPAAm, 1.5 mg BIS (N, N’- Methylenebisacrylamide) and 5.0 μL TEMED (N, N, N’, N’-
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tetramethylenediamine) was dissolved in 600 μL H2O and purged with N2 for 30 minutes while 

being cooled on an ice bath. Afterwards, 400 μL of 500 μM aptamer solution in water was 

added together with 13.3 μL of 0.5 M APS (ammonium persulfate) thermal initiator in water. 

The solution was quickly mixed and transferred in aliquots onto silanized glass slides with glass 

cover slides functioning as spacers and the samples left to cure for 2 hours at room 

temperature. The cured hydrogels samples were washed for 2 days in a 1 X TBE buffer 

(Tris/Borate/EDTA, pH 8) in order to remove unreacted components. 

XPS characterization of functionalization of NIPAAm hydrogel with aptamer oligonucleotide: XPS 

survey scans measurements were performed using a Thermo K-alpha XPS (beam size 400 μm) 

on dry hydrogels. This was done in collaboration with Caitlin Howell and Marie Krogsgaard.  

UV-Vis Absorbance spectroscopy characterization of aptamer-functionalization of NIPAAm 

hydrogel: UV absorption measurements were performed on a SpectraMax M5 (Molecular 

Devices) plate reader using pure PNIPAAm as a reference. This was done in collaboration with 

Marie Krogsgaard. 
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Chapter 2. Aqueous-based Isomerizability of Spiropyran in Volume-changing Hydrogels  

How is aqueous-based spiropyran isomerization affected by tethering to different volume-

changing hydrogels?  

 

Introduction 

 Introduced in Chapter 1, stimuli-responsive hydrogels are hydrophilic, crosslinked 

polymer networks that exhibit dynamic chemo-mechanical swelling behavior in aqueous 

solution in response to stimuli such as temperature, pH, electric field, etc. according to the 

interaction of the constituents of the polymer with itself and the surrounding solvent. They are 

attractive for use as building blocks in “smart” materials, or materials with properties that can 

be controllably altered by an external stimulus.1 The unique properties of hydrogels have 

enabled their incorporation in drug delivery vehicles, microfluidics, cell culturing and tissue 

scaffolding, among a host of other systems.1, 2 Stimuli-responsive volume changes of the 

dynamic network lead to reversibly altering porosity and internal stresses, the degree of which 

depends on monomer chemistry and crosslinking density. One can imagine that the mechanics 

and extent of hydrogel swelling can affect the isomerization of environmentally and force 

sensitive compounds or molecules attached to the hydrogel network that are able to change 

conformation between different states, such as spiropyran.  
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Spiropyran is a responsive chromophore that has been extensively studied for its ability 

to change between a hydrophobic, colorless ring-closed form and a hydrophilic, colorful, 

luminescent ring-open form, which itself can isomerize between cis- and trans- forms. The ring-

opening or ring-closing of spiropyran can be reversibly triggered by pH, temperature, solvent 

polarity, light and force.3 Such tunable property changes have led to the use of spiropyran as a 

light-activated switch in a variety of systems for applications including optical storage, detection 

of peptide-peptide interactions, as well as for externally triggered alteration of surface 

properties.4 With several accessible forms, spiropyran presents a flexible compound that is 

sensitive to its environment, exhibiting slightly different optical properties with each state, 

making it a useful probe of its local environment.4c, 5 While it has been studied in a variety of 

materials,3, 6 much for its light-activated properties, of particular interest are studies in which 

spiropyran is conjugated to dynamically reconfigurable materials that change size,7 with a focus 

on determining its structure change in different aqueous environments.7e, 8 Spiropyran 

isomerization has been studied in elastomers, nanoporous networks, inorganic molecular 

sieves, liposome membranes,8a, 5a-c and linear copolymers,6e yet here, we are interested in 

tethering spiropyran to crosslinked, volume-changing hydrogels and observing the stabilization 

of different forms in an environment that can be dynamically changed (network strain, 

dielectricity, pH, etc.) through network swelling and surrounding aqueous chemistry. For 

example, Sumaru et al. observed the effect of pNIPAAm hydrogel hydrophobicity as it was 

contracting on the isomerization of tethered spiropyran in aqueous medium.8b,5d They found 

that the attached spiropyran isomerized in response to the phase transition and change in 

dielectric environment of the polymer. Such analyses would be useful for establishing other 
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handles of control beyond light, such as strained environments and aqueous chemistry, on the 

different isomeric forms of spiropyran. It would also be useful in developing further 

understanding of the molecule’s several ring-open isomers. Such insight could ultimately lead to 

more resolved sensing of reversibly changing networks through optical detection of otherwise 

transient or metastable forms of spiropyran. Furthermore, such a study would be useful as a 

platform that can be extended to investigate configurability of other optical, isomerizable 

molecules.  

 

 

Scheme 2.1. Conformations of spiropyran tethered to a hydrogel. Spiropyran is incorporated into 

different hydrogels either singly tethered as a mono-acrylate or doubly tethered as a bis-acrylate. Under 

different pH conditions and accompanied hydrogel volume change, the attached spiropyran is able to 

isomerize according to its tethering to the hydrogel. 
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Here, we covalently attach spiropyran to multiple volume changing, crosslinked 

hydrogels to compare its configurability and interaction with different monomers within the 

hydrogel network (Scheme 2.1). By tethering spiropyran to crosslinked neutral poly(acrylamide) 

(pAAm) and pH-responsive poly(acrylamide-co-dimethylaminoethyl methacrylate), p(AAm-co-

DMAEMA), and poly(acrylamide-co-acrylic acid), p(AAm-co-AA), hydrogels, we can probe 1) the 

effect of changing local volume and network strain by hydrogel swelling, 2) the effect of 

monomer chemistry with different hydrogel backbones, and 3) the effect of molecular flexibility 

by singly and doubly tethering spiropyran to the hydrogel, all on the ability to observe and 

control different isomeric forms of spiropyran within the hydrogel.  

 

Characterization of Spiropyran-modified Hydrogels 

Spiropyran bis-acrylate was synthesized with the help of Keti Piradashvili during her visit 

to the Aizenberg lab from Aachen University, Germany, as well as Dr. Wendong Wong, Dr. 

Oktay Uzun from the Wyss Institute, and Dr. Jiaxi Ciu. 

In order to determine the effect of molecular flexibility, singly acrylated and doubly 

acrylated versions of spiropyran were synthesized (Supplementary Figures 2.S1-2.S7) and 

covalently attached at 0.4mol% of total monomer content through free radical polymerization 

to three types of hydrogels crosslinked with 1-2% w/v N,N’-methylenebis(acrylamide)- a 

humidity-responsive pAAm hydrogel, and pH-responsive p(AAm-co-DMAEMA) (1:1 ratio of co-

monomers) and p(AAm-co-AA) (1:1 ratio of co-monomers) hydrogels. FTIR was used to 

characterize the resulting hydrogels to confirm incorporation of spiropyran into the hydrogel 

(Supplementary Figures 2.S8-2.S11). FTIR spectra were obtained from samples dried for a week 
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to remove significant water content from the hydrogels. FTIR peaks of hydrogels functionalized 

with mono-acrylated and bis-acrylated spiropyran exhibit frequencies at 950 cm-1 and 980 cm-1 

which signify an O-C-N stretch unique to the ring-closed spiropyran9, and at 1015 cm-1, which is 

attributed to the characteristic C-C-N bend of the spiropyran9, while frequencies from 1060 cm-

1 -1260 cm-1 signify C-O alcohol stretch, cyclic C-O-C ether stretches, or C-N amine stretch, also 

characteristic of spiropyran linked to the hydrogel polymer network.10  

The effect of monomer chemistry on the isomerization of tethered spiropyran was 

determined by comparing hydrogel containing basic DMAEMA (pKa ~7.5) with hydrogel 

containing acidic AA (pKa ~4.3), each of which was compared to the neutral pAAm hydrogel 

that does not ionize in the pH range of the buffered solutions used (pH 3 to 8). 

The effect of local volume change and network strain on spiropyran configurability was 

determined by comparing spiropyran tethered to the p(AAm-co-AA) hydrogel as it swells with 

increasing pH and to the p(AAm-co-DMAEMA) hydrogel as it contracts with increasing pH, both 

of which are compared to the pAAm hydrogel that does not undergo volume change under the 

pH conditions tested. The effect of hydrogel volume change on tethered spiropyran 

configurability was isolated from associated monomer ionization by comparing to controls in 

which free spiropyran was dissolved in prepolymer solution containing the relevant monomers 

in solutions buffered at different pH, effectively mimicking the changing dielectric environment 

without volume change. Volume change of the crosslinked hydrogels was characterized by 

measuring their swelling ratio in buffered solutions (50 mM phosphate) of different pH, ranging 

in pH from 3 to 8. This was accomplished by first immersing the hydrogels, up to 0.5-2 mm 

thick, in the pH buffered solutions for up to 12 hrs. Subsequently, the mass of each sample was 



 56 

measured upon removing excess water with filter paper. After repeating the steps above for 

each pH solution, samples were allowed to dry in air over several days in order to obtain their 

dry weight. The swelling ratio for each pH was calculated as SR = (mass swollen-mass dry)/mass 

dry.  

As depicted in Scheme 2.1, spiropyran singly or doubly tethered to hydrogels with 

different monomeric constituents (denoted by R) can assume distinct conformations within the 

network, the main isomers of which are shown. While acidic conditions favor the protonated 

ring-open form of spiropyran, basic conditions favor the ring-closed or de-protonated ring-open 

form. Furthermore, in its ring-open form, spiropyran can assume a variety of cis-trans 

conformations via rotation around the central double bond.11 Changes in hydrogel swelling 

alter the effective strain within the network, while monomer ionization slightly alters the 

dielectric environment around the tethered spiropyran, and a different mixture of isomers can 

be stabilized accordingly. While the surrounding pH affects spiropyran form, in order to reduce 

charge-charge repulsion within a swollen crosslinked hydrogel consisting of a charged 

backbone, alternate isomers of spiropyran could become more favorable. To further determine 

the effect of spiropyran tethering to the hydrogel network on its configurability, results were 

compared to control hydrogel samples containing the untethered form of spiropyran. 

The different isomers of spiropyran tethered to hydrogels immersed in buffered 

solutions of different pH were primarily identified by absorbance spectroscopy, and the 

hydrogel’s optical properties were further characterized by fluorescence spectroscopy. Each of 

the spiropyran forms (open and closed) has unique optical properties, depicted in Scheme 2.1, 

in which the ring-closed form absorbs in the UV around 295 nm while the protonated ring-open 
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form absorbs around 420 nm and the de-protonated ring-open form absorbs around 380 nm 

and 530 nm in aqueous solutions. Furthermore, while the ring-closed form is not known to 

exhibit strong fluorescence, the ring-open forms fluoresce, making the material a useful 

aqueous-based sensor of changes in its local environment, such as dielectric or pH conditions, 

or association with neighboring molecules or compounds, for example.4c, 6d In this way, the 

optical properties of different spiropyran-modified hydrogels were characterized as a function 

of solution pH, monomer chemistry, degree of tethering to the network, and hydrogel swelling. 

 

Spiropyran Configurability in pAAm Hydrogel 

We first characterize changes in spiropyran form tethered to a hydrogel that does not 

change volume. The pAAm hydrogel is a neutral hydrogel that swells when immersed in 

aqueous solution, but does not ionize or exhibit drastic volume changes with changes in 

solution pH that were tested. Therefore, in pAAm, spiropyran is primarily affected by changes in 

solution pH while tethered to the hydrogel network. Hydrogels were immersed in buffered 

solutions of different pH, ranging in pH from 3 to 7, and the spiropyran isomers formed in the 

hydrogel identified by absorbance spectra.  
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Figure 2.1. Spectroscopic characterization of spiropyran-modified pAAm hydrogel. a) Absorbance 

spectrum and b) fluorescence spectrum of spiropyran singly tethered to pAAm hydrogel immersed in 

buffered solutions of different pH. c) Absorbance spectrum and d) fluorescence spectrum of spiropyran 

doubly tethered to pAAm hydrogel immersed in buffered solutions of different pH. 

 

The absorbance spectrum of spiropyran singly tethered to the pAAm hydrogel (Fig. 2.1a) 

resembles that of spiropyran dissolved in AAm prepolymer solution in different pH buffers (Fig. 

2.2), in which the protonated ring-open form present at low pH becomes de-protonated as 

solution pH increases, evident by a shift in the absorbance peak from 420 nm to 530 nm as 

solution pH increases.  
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Figure 2.2 Spectroscopic characterization of spiropyran in AAm prepolymer solution. Absorbance 

spectrum (left) and fluorescence spectrum (right) of spiropyran in AAm prepolymer solution mixed in 

buffered solutions of different pH. 

 

Doubly tethered to the hydrogel, spiropyran exhibits the ring-closed form across solution 

pH, the peak at ~295 nm of which remains unchanged as there is no significant hydrogel volume 

change to facilitate its ring-opening (Fig. 2.1c). Concurrently, its ring-open form becomes de-

protonated at higher pH, evident by the shift in peak from 420 nm to 530 nm as pH of the 

solution increases. There is an increase in fluorescence at around 500 nm as conditions become 

more basic for spiropyran tethered to the hydrogel (Figures 2.1b and 2.1d), suggesting this form 

is more stable and more fluorescent in the hydrogel than it is in solution, where this 

fluorescence peak is not apparent (right spectrum in Fig. 2.2). Tethering to the hydrogel network 

enhances certain luminescent signals that are otherwise diminished in solution over a short 

time. This enhancement is, in part, due to the reduction of thermal molecular rotations within 

the network. Importantly, more than network confinement, tethering to the hydrogel is 

essential for spiropyran isomerizablity - when spiropyran is dispersed untethered in the 

hydrogel (Fig. 2.3), there is no significant change in absorbance across solution pH, signifying 

that tethering to the hydrogel allows for stabilized structural and optical changes of spiropyran.  
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Figure 2.3 Absorbance spectrum of untethered spiropyran distributed in pAAm hydrogel. Hydrogel is 

immersed in buffered solutions of different pH. 

 

Overall, in the absence of hydrogel volume change, coloring of the spiropyran-modified 

hydrogel mostly resembles that of spiropyran in solution where the dielectric environment is 

the same. Furthermore, doubly tethering spiropryan to the network partially restricts its 

isomerization capability. 

 

Spiropyran Configurability in p(AAm-co-DMAEMA) Hydrogel 

By adding another chemical moiety to the hydrogel network, we aimed to determine 

additionally the effects of neighboring monomer chemistry (basicity), hydrogel volume change 

and network swelling strain on spiropyran form within the network. P(AAm-co-DMAEMA) is a 

pH-responsive hydrogel in which protonation of DMAEMA swells the hydrogel in aqueous 

medium as the pH decreases. Upon measuring the swelling ratio of hydrogels immersed in 

buffered solutions of different pH (from pH 3 to 8), we found that spiropyran-modified p(AAm-

co-DMAEMA) hydrogels exhibit larger swelling ratios than control hydrogels that do not contain 
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spiropyran due to the extra charge associated with ring-open spiropyran present in the 

hydrogels (Fig. 2.4).  

 

 

Figure 2.4. Swelling behavior of p(AAm-co-DMAEMA) hydrogels. p(AAm-co-DMAEMA) hydrogels to 

which spiropyran is tethered and control p(AAm-co-DMAEMA) hydrogel not containing spiropyran are 

immersed in buffered solutions of different pH (error bars represent standard error, n = 4-6).  

 

Spiropyran isomers formed when tethered to hydrogels immersed in buffered solutions 

of different pH were identified by absorbance spectroscopy and further characterized by 

fluorescence spectroscopy as well as compared to controls in which spiropyran was dissolved in 

prepolymer solution (Fig. 2.5) and dispersed untethered in the hydrogel (Fig. 2.6). 
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Figure 2.5. Spectroscopic characterization of spiropyran in AAm-DMAEMA prepolymer solution. 

Absorbance (left) and fluorescence (right) spectra of spiropyran in AAm-DMAEMA prepolymer solution 

mixed in buffered solutions of different pH - a) one experiment showing spectra taken within 5 min of 

mixing the prepolymer in the pH solution and b) another showing spectra taken 2 days after mixing in pH 

solution. 

 

Spiropyran dissolved in prepolymer solution containing AAm and DMAEMA mixed in 

buffered solutions of different pH exhibits the ring-closed form across the pH range studied due 

to the basicity of DMAEMA, and the solutions exhibit no color, except at high pH where a peak 

at 460 nm appears over time, the form of which does not exhibit fluorescence in solution (Fig. 

2.5). 
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Figure 2.6. Spectroscopic characterization of spiropyran dispersed untethered in p(AAm-co-DMAEMA) 

hydrogel. Absorbance spectrum (left) and fluorescence spectrum (right) of untethered spiropyran 

distributed in p(AAm-co-DMAEMA) hydrogel measured in buffered solutions of different pH. 

 

When dispersed untethered in the hydrogel, spiropyran only shows a single, broad 

absorbance peak across the pH range, even as the hydrogel swells, and the fluorescence of 

spiropyran slightly increases with pH (Fig. 2.6). 
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Figure 2.7. Spectroscopic characterization of spiropyran-modified p(AAm-co-DMAEMA) hydrogels. a) 

Absorbance spectrum and b) fluorescence spectrum of spiropyran singly tethered to p(AAm-co-

DMAEMA) hydrogel in buffered solutions of different pH. c) Absorbance spectrum and d) fluorescence 

spectrum of spiropyran doubly tethered to p(AAm-co-DMAEMA) hydrogel in buffered solutions of 

different pH. e) Swelling ratio of p(AAm-co-DMAEMA) hydrogel to which spiropyran is doubly tethered 

relative to that at pH 8.5 (black line), and absorbance ratio of charged ring-open forms to ring-closed 

form relative to that at pH 8.5 for spiropyran doubly tethered to p(AAm-co-DMAEMA) hydrogel (grey 

line). 
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Much more interesting properties arise when spiropyran is singly tethered to the basic 

p(AAm-co-DMAEMA) hydrogel network (Fig. 2.7). In contrast to the configuration behavior of 

spiropyran in solution, with tethering of spiropyran to p(AAm-co-DMAEMA), many different 

conformations are stabilized, as evident from the presence of a variety of absorbance peaks 

across the pH range (Fig. 2.7a). Accordingly, the spiropyran-modified p(AAm-co-DMAEMA) 

hydrogels exhibit a gradient of colored hues across solution pH (Fig. 2.8).  

 

 

Figure 2.8. Images of spiropyran singly tethered to p(AAm-co-DMAEMA) hydrogel. Hydrogels are shown 

after immersion in buffered solutions of different pH. 

 

Stabilization of these conformations is due not only to the pH of the solution, but also to 

interactions of the spiropyran moiety with DMAEMA as the hydrogel network changes volume. 

In its swollen state, DMAEMA is protonated and the hydrogel is positively charged, stabilizing 

the spiropyran protonated trans ring-open form (absorbance peak at 420 nm, Fig. 2.7a). As pH 

increases and the hydrogel contracts, there is less positive charge in the network, and 

spiropyran absorbance shifts towards 470 nm instead of 530 nm, which could represent 

isomerization to a hydrogen-bonded or less polar, neutral form (Fig. 2.7a). Restructuring of 

spiropyran to a less charged or neutral form helps reduce overall charge in the hydrogel and 

charge-charge repulsion in a relatively contracted state. Interestingly, it is apparent that 
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intermediate pH’s and swelling are able to stabilize and isolate intermediate conformations that 

absorb between 420 nm-470 nm (Fig. 2.7a).  

In contrast, spiropyran doubly tethered to the hydrogel exhibits the de-protonated open 

form (absorbance peak at 530 nm, Fig. 2.7c) more predominantly across pH as it is less flexible 

than the singly tethered spiropyran, and less capable to adopt intermediate conformations; as a 

result, doubly tethered spiropyran is more influenced by mechanical, network-facilitated 

isomerization. The basicity of DMAEMA further enables the de-protonated form of the doubly 

tethered spiropyran to remain stable from high pH down to as low as pH 4 (absorbance peak at 

530 nm, Fig. 2.7c). Interestingly, for spiropyran both singly and doubly tethered to the hydrogel, 

the de-protonated open form absorbing at 530nm appears relatively more prominently in pH 

6.2 solution (Fig. 2.7a and 2.7c, red curve). In pH 6.2 solution, the DMAEMA monomer on the 

hydrogel backbone is partially protonated and the hydrogel is slightly swollen compared to its 

immersion in higher pH solution. This precise chemical environment is able to favor the 

zwitterionic form of spiropyran in the hydrogel for which at higher pH, solution pH and hydrogel 

contraction favors the ring-closed form and less charge, and at lower pH, protonation of the 

ring-open form starts to occur.  

For both singly and doubly tethered spiropyan, the ring-closed form becomes more 

pronounced as pH increases and the hydrogel contracts, in which isomerization to ring-closed 

spiropyran at higher pH is reinforced by the hydrogel contraction to a more hydrophobic state. 

Doubly tethered spiropyran in the hydrogel shows more gradual, continuous ring closing 

(relative increase in absorbance at 295 nm in Fig. 2.7c) than the more flexible singly tethered 

spiropyran (Fig. 2.7a) as pH increases. In particular, for the doubly tethered form, the steady 
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increase in absorbance of the charged forms (visible region of absorbance spectrum) relative to 

the ring-closed form (peak at 295 nm, Fig. 2.7c) correlates with the continual increase in 

hydrogel swelling relative to that at pH 8.5 (Fig. 2.7e). Divergence in this pattern could arise 

from interaction of the ring-open form with co-monomer as well as a difference in contribution 

to swelling from the dominant charged form of spiropyran, particularly at pH 3.2 where the 

protonated form is dominant over the zwitterionic. We attribute this gradual change in the ring-

closed form to its increased tethering to the hydrogel in which hydrogel swelling is able to 

mechanically open the molecule, abetted by solution pH.  

Most interestingly, the fluorescence signal of singly tethered spiropyran in the hydrogel 

shows clear pH and swelling-induced peak shifting- as pH decreases, the emission peak at 510 

nm decreases and shifts to 520 nm while the peak at 630 nm increases (Fig. 2.7b). This is also 

shown in fluorescence confocal microscopy images of singly tethered spiropyran in p(AAm-co-

DMAEMA) hydrogel immersed in acidic and basic conditions (Fig. 2.9).  
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Figure 2.9. Confocal microscope images of p(AAm-co-DMAEMA) hydrogel to which spiropyran is singly 

tethered. Confocal images show fluorescence emission shift with pH of singly tethered spiropyran in 

p(AAm-co-DMAEMA) hydrogel in pH 3 and pH 8 buffered solutions. Notably fluorescence from 600-700 

nm increases as pH decreases. Scale bar ~100 µm. 

 

Importantly, this fluorescence shift, a simultaneous decrease in fluorescence at 510 nm 

and increase in fluorescence at 630 nm, is not prominent in non-swelling pAAm hydrogels or in 

solution as pH of the solution changes (Fig. 2.1a), signifying that hydrogel swelling plays a role in 

this fluorescent behavior. Steady fluorescence increase at 630 nm concurrent with both 

hydrogel swelling and lowering of solution pH is unique to spiropyran tethered to p(AAm-co-

DMAEMA) hydrogel. In contrast, spiropyran-modified pAAm hydrogels immersed in low solution 

pH exhibit fluorescence emission primarily at around 540 nm. 
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Figure 2.10. Excitation spectra of spiropyran-modified p(AAm-co-DMAEMA) hydrogels. Spectra taken at 

different emission wavelengths of spiropyran-modified p(AAm-co-DMAEMA) hydrogels immersed in a) 

pH 8.4 buffer and b) pH 3.2 buffer. 

 

Excitation spectra (Fig. 2.10) suggest that fluorescence at these different wavelengths 

arises from different spiropyran forms within the p(AAm-co-DMAEMA) hydrogel swollen in 

buffered solutions of different pH. Together, this indicates a swelling-induced change in the local 

environment is able to stabilize different spiropyran forms and enhance fluorescence at 

different wavelengths- at lower pH, DMAEMA becomes fully protonated and the trans- ring-

open form of spiropyran becomes increasingly protonated and stabilized in a swollen, positively 

charged environment, causing increased fluorescence at 630 nm. Importantly, this presents 

unique aqueous-based, dynamic, swelling-induced fluorescence switching between two 

wavelengths from a single molecule. In comparison, many studies on spiropyran luminescence 

thus far were able to only show photo-induced on-off fluorescence switching, or photo-induced 
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dual color fluorescence switching by pairing spiropyran with a partner dye, or by controlling the 

substituent on the molecule.4c, 8a, 6d, 12 Additionally, this swelling-induced fluorescence shift is 

unique to singly tethered spiropyran stabilized in the hydrogel, but is not observed in the doubly 

tethered spiropyran which is more constricted in its ability to isomerize. This is evidenced by 

only very small changes in its peak absorbance and fluorescence wavelengths across the pH 

range (Fig. 2.7c, d).  

 

Figure 2.11. Swelling behavior of p(AAm-co-DMAEMA) hydrogels at increased salt concentration. p(AAm-

co-DMAEMA) hydrogel to which spiropyran is singly tethered and control p(AAm-co-DMAEMA) hydrogel 

not containing spiropyran are immersed in buffered solutions of different pH at 200 mM NaCl salt 

concentration (error bars represent standard deviation, n = 5-7). 

 

In an attempt to further tease out effects of hydrogel volume change from changes in 

solution pH, spiropyran-modified p(AAm-co-DMAEMA) hydrogels were immersed in pH buffered 

solutions at higher salt concentration (200 mM NaCl), which depresses hydrogel volume change 

across solution pH (Fig. 2.11). As a result, the prominent absorption peak for singly tethered 

spiropyran in the hydrogel remains at 470 nm across pH (Fig. 2.12a), similar to that of the 

spiropyran-modified hydrogel in a contracted state at higher pH in Fig. 2.7a. There is less peak 
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shifting and structural changes of the spiropyran across pH due to reduced volume changes of 

the hydrogel. Additionally, the fluorescence peak shift from 510 nm to 630 nm with decreasing 

pH is not evident here, again suggesting the peak shift is related to volume-change mediated 

reconfiguration of spiropyran in the swelling hydrogel (Fig. 2.12b).  

 

 

Figure 2.12. Spectroscopic characterization of spiropyran-modified p(AAm-co-DMAEMA) hydrogels in 

solutions with increased salt concentration. a) Absorbance spectrum and b) fluorescence spectrum of 

spiropyran singly tethered to p(AAm-co-DMAEMA) hydrogel immersed in buffered solutions of different 

pH at 200 mM NaCl salt concentration. c) Absorbance spectrum and d) fluorescence spectrum of 

spiropyran doubly tethered to p(AAm-co-DMAEMA) hydrogel immersed in pH 4.5 buffered solution at 

increasingly diluted phosphate salt concentrations. 
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When p(AAm-co-DMAEMA) hydrogels with doubly tethered spiropyran were immersed 

in a buffered solution kept at a constant pH of 4.5, while the phosphate salt concentration of 

the solution was diluted from 200 mM to 50 mM, the hydrogel swelled (Fig. 2.13). Here, the 

effect of solution pH is removed as the hydrogel is allowed to change volume. As a result of 

hydrogel contraction, the charged de-protonated ring open form that absorbs at 525 nm 

becomes slightly less stable due to charge-charge repulsion, and the peak shifts towards the 

protonated phenolic form (absorbance peak at 420 nm, Fig. 2.12c). Thus, hydrogel volume 

change itself has influence on spiropyran form when tethered to the network, in which changes 

are facilitated such that charge-charge repulsions are minimized.  

 

 

Figure 2.13. Swelling behavior of p(AAm-co-DMAEMA) hydrogel to which spiropyran is doubly tethered 

in solutions of increasing salt concentration. Hydrogels are immersed in pH 4.5 buffered solution at 

increasingly diluted phosphate salt concentrations from a 200 mM phosphate buffered solution (error 

bars represent standard deviation, n = 4). 
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Overall, although increased tethering of spiropyran to the p(AAm-co-DMAEMA) hydrogel 

seems to limit its ability to assume a variety of different forms and configurations, double 

attachment to the hydrogel network allows for some mechanical configurability from hydrogel 

swelling and contraction. Importantly, the combination of hydrogel swellability and basicity 

imparts on the singly tethered spiropyran unique configurability, allowing for its optical 

properties to alternate most strikingly with the changing environment. 

 

Spiropyran Configurability in p(AAm-co-AA) Hydrogel 

The results unique to spiropyran configurability in the basic p(AAm-co-DMAEMA) 

hydrogels are particularly significant when compared to spiropyran tethering to an acidic 

hydrogel, p(AAm-co-AA). P(AAm-co-AA) is also a pH-responsive hydrogel for which de-

protonation of AA swells the hydrogel in aqueous medium as the pH increases (Fig. 2.14). This 

provides for a hydrogel with the swelling pattern opposite to that of p(AAm-co-DMAEMA) and 

the ability to contribute to spiropyran isomerization along with the acidity of the AA groups on 

the hydrogel backbone.  
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Fig. 2.14. Swelling behavior of p(AAm-co-AA) hydrogels. p(AAm-co-AA) hydrogels to which spiropyran is 

tethered and control p(AAm-co-AA) hydrogel not containing spiropyran are immersed in buffered 

solutions of different pH. Error bar represents standard error, n = 6-12. 

  

In order to gain insight into what forms the spiropyran tethered to the p(AAm-co-AA) 

hydrogel assumes in solutions of different pH, we measured their absorbance spectra and 

compared them to those of controls in which spiropyran was dissolved in prepolymer solution 

(Fig. 2.15) and dispersed untethered in the hydrogel (Fig. 2.16). 
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Figure 2.15. Absorbance spectrum of spiropyran in AAm-AA prepolymer solution. Prepolymer solution is 

mixed in buffered solutions of different pH. 

 

 

Figure 2.16. Absorbance spectrum of untethered spiropyran distributed in p(AAm-co-AA) hydrogel. 

Hydrogel is immersed in buffered solutions of different pH. 

 

While dispersed untethered in the swelling hydrogel, spiropyran shows no significant 

change in absorbance across pH as the hydrogel swells, again suggesting that tethering to the 

hydrogel network is important for configurability (Fig. 2.16). When dissolved in prepolymer 

solution containing AAm and AA in different pH buffers, due to the acidity of AA, spiropyran 

does not exhibit the de-protonated ring-open form, and absorption at 530 nm is largely absent, 

even in higher pH buffered solutions (Fig. 2.15). Instead, the protonated ring-open form is 
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predominant with absorbance at 420 nm (Fig. 2.15). This remains consistent for spiropyran 

tethered to the hydrogel network, in which the hydrogel assumes a yellowish color, although 

there is relatively more ring-closed form present in the hydrogel network than in solution (Fig. 

2.17).  

 

 

Figure 2.17. Absorbance spectra of spiropyran-modified p(AAm-co-AA) hydrogels. a) Absorbance 

spectrum of spiropyran singly tethered to p(AAm-co-AA) hydrogel immersed in solutions buffered at 

acidic and basic pH; b) Absorbance spectrum of spiropyran doubly tethered to p(AAm-co-AA) hydrogel 

immersed in buffered solutions of different pH. 

 

Additionally, contrary to its solution configurability, singly tethered spiropyran exhibits a 

shift in absorbance from 420 nm towards 460 nm at higher pH in the hydrogel that correlates 

with hydrogel swelling, as this peak also does not occur in the non-swelling, neutral pAAm 

hydrogel (Fig. 2.1). Ziółkowski et al. observed absorbance of the ring-open spiropyran at around 

470 nm when tethered to a p(NIPAAm-co-AA) hydrogel in deionized water, indicative of 

spiropyran self-protonated from surrounding AA groups.7e In the present study, the hydrogel is 

immersed in a pH-buffered solution, and the form absorbing at 460 nm could represent one in a 
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dielectric environment consisting of de-protonated AA groups. Alternatively, the shift in 

absorbance could represent isomerization of spiropyran to a neutral, less polar ring-open form. 

This would decrease its contribution to the overall negative charge in the hydrogel that contains 

negatively charged de-protonated AA groups at high pH. In this way, charge-charge repulsion as 

well as the resulting strain of a swelling hydrogel is reduced. Notably, contrary to spiropyran 

singly tethered to the basic p(AAm-co-DMAEMA) hydrogel, spiropyran tethered to the acidic 

p(AAm-co-AA) hydrogel does not exhibit a variety of absorbance peaks and isomeric forms, but 

rather two primary absorbance curves typical of the hydrogel at low pH (≤ pH 6) and high pH (≥ 

pH 7) as shown in Figure 2.17a. 

Interestingly, p(AAm-co-AA) hydrogel with doubly tethered spiropyran exhibits large 

swelling ratios in buffered solutions at higher pH (Fig. 2.14). At higher pH, swelling-induced ring-

opening competes with pH-induced ring-closing of the spiropyran, and relative ring-closure 

does not occur as continuously with increasing pH as it does for spiropyran doubly tethered to 

the basic p(AAm-co-DMAEMA) hydrogel (Figures 2.17b and 2.7c). However, in order to relieve 

strain from a largely swollen hydrogel, the swelling ratio of spiropyran-modified p(AAm-co-AA) 

hydrogels decreases above pH 7, facilitating both hydrogel and spiropyran reconfiguration 

towards hydrogel contraction and relatively more ring closed form (Figures 2.14 and 2.17).  

Overall, AA acidity influences spiropyran ring-open form and mostly disfavors the de-

protonated zwitterionic form. Spiropyran structural changes associated with hydrogel swelling 

compete with pH-induced ring-closing of the spiropyran and are also driven by imposed strain 

of the expanding hydrogel network, which leads to stabilization of a less charged spiropyran 

form that reduces charge-charge repulsion.  
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Conclusion 

In summary, we find that spiropyran form is stabilized by its tethering to the hydrogel 

network, allowing for more configurability than when dispersed untethered in the hydrogel. 

Furthermore, when tethering to the hydrogel is increased, as is the case with the doubly 

tethered form, spiropyran undergoes fewer isomeric shifts than the more flexible singly 

tethered form, yet becomes more susceptible to mechanical isomerization through hydrogel 

network volume change. We also find that spiropyran isomerization is largely governed by the 

local dielectric environment and pH, contributed by monomer chemistry. The basicity or acidity 

of the hydrogel predominantly influences the tethered spiropyran’s ring-open form, stabilizing 

either the protonated or de-protonated form, in which the basicity of DMAEMA in a swelling 

hydrogel environment allows for stabilization of more isomeric forms of tethered spiropyran 

than the acidity of AA. On top of this, hydrogel volume change helps drive spiropyran structural 

changes whereby swelling strain of the hydrogel network and charge-charge repulsion is 

minimized. Importantly, we discovered a novel phenomenon in the hydrogel swelling-induced 

switchable fluorescent properties of spiropyran singly tethered to the basic p(AAm-co-

DMAEMA) hydrogel, in which the fluorescence signal of singly tethered spiropyran in the 

hydrogel shows clear pH and swelling-induced peak shifting- as pH decreases, the emission peak 

at 510 nm decreases and shifts to 520 nm while the peak at 630 nm increases, signifying 

fluorescence switching between two wavelengths from a single molecule in an aqueous regime.  

This work provides the groundwork for studying the effect of dynamic volume changes 

and monomeric chemistry on spiropyran isomerization in an aqueous environment and its 

resulting optical properties. The ability to stabilize different isomers of spiropyran in aqueous 
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media, which are generally destabilized in solution, with different parameters of control 

(solution pH along with dynamic free volume and network strain as well as monomer chemistry 

and amount of tethering) can allow for further comprehensive comparative studies of the 

photo-responsive properties of different isomers, among other phenomena.  

 

Future Directions 

The study described here can be continued in many other different types of hydrogels, 

particularly in a system that separates pH and hydrogel volume-change, for example pNIPAAm, 

where at certain swelling of the hydrogel, the isomerization of spiropyran in different pH 

solutions can be measured. However, a system that completely decouples hydrogel swelling 

from a stimulus that alters spiropyran equilibrium would be quite challenging, as spiropyran is 

responsive to multiple stimuli, including temperature.  

It would also be interesting to try to control the predominant form of spiropyran while 

curing the hydrogel by precisely monitoring polymerization conditions (solution pH, polarity, 

etc.) that stabilize a particular form of spiropyran. This can change the overall hydrogel 

structure upon curing due to different intermolecular interactions that predominate during the 

synthesis (hydrogen bonding, electrostatic repulsion, hydrophobic interactions). Conversely, 

spiropyran can also act as a probe of evolving pH or polar conditions during a polymerization 

process, which would be evident by changes in color of spiropyran. 

Additionally, tethering spiropyran to tougher, more elastic hydrogels, such as double-

network hydrogels, would present a highly interesting study, in which increased tensions and 

multiple networks within the hydrogel could induce more varied spiropyran responses, 
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particularly in its crosslinked form where stress-induced spiropyran ring-opening can occur.13 

This could be accompanied by measurements that test the effect spiropyran tethering has on 

enhancing the mechanical properties of the different gel systems by its ability to dissipate 

energy during its ring-opening (~6 x 10-19 J per molecule). In such cases, energy dissipation can 

translate to the macroscopic property of mechanical strength in the network. 

However, due to the charged nature of the ring-open form, spiropyran tethered to the 

hydrogel network can also increase the swelling behavior of the hydrogel and thus diminish its 

mechanical integrity. This can be further investigated by determining the effect of spiropyran 

functionalization, both as a monomer (mono-) and as a crosslinker (bis-), on the relative 

modulus of the different hydrogel networks using nanoindentation. 

 Nanoindentation provides for a simple method to evaluate on a smaller scale the 

mechanical properties of soft materials that cannot be stretched for tensile testing. Indentation 

has been used by several groups to characterize the viscoelastic and poroelastic properties of 

hydrogels in which deformation of the network and flow of solvent are synchronous.14 Hu et al. 

used indentation to analyze the time-dependent relaxation of viscoelastic acrylamide-based 

hydrogels and were able to decouple the effect of solvent from the elastic regime in the 

hydrogel.15 By applying the load quickly to the hydrogel, the solvent effects were minimized in 

favor of the elastic regime where Poisson’s ratio approaches 0.5.  

 In preliminary studies to determine the effect of spiropyran tethering to the hydrogel on 

its mechanical properties, spiropyran-modified acrylamide hydrogels were hydrated and their 

elastic modulus measured by indenting a flat punch tip to a depth of 5-10 µm into the sample at 

a loading rate of 0.5-1.0 µm/s. The force resolution of the Agilent Nano Indenter G200 used for 
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nanoindentation measurements is 1 nN and the displacement resolution is 0.0002 nm. The 

indentation depth was chosen to be less than a factor of 50 of the sample thickness (~1 mm) in 

order to minimize effects arising from gradients of internal stress within the hydrogel that is 

fixed to a substrate, as well as to reduce effects that are on the range of the sample size. Higher 

loading rates were utilized to conduct measurements in ~10 seconds in order to help minimize 

viscous effects that become significant at longer times during which diffusion of water in the gel 

plays a larger role.  

 

 

Figure 2.18. Stress-relaxation curve from acrylamide hydrogel sample. 

 

Experimentally, the time scale of the viscous component can be approximated from the 

relaxation of the applied load as a function of time at the point when the nanoindentor tip is 

held in the sample at peak displacement (Fig 2.18). Full relaxation occurs when the applied load 

does not change with time. The nanoindenter tip was held in the hydrogel sample for 100 

seconds, and the subsequent decay in applied load suggested that viscous relaxation of the 

sample occurred on the order of minutes (Fig 2.18), several times longer than the time taken to 

measure loading into the sample. Thus, the measured moduli are taken to consist mainly of the 
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elastic regime of the hydrogel. The load on the sample was recorded as a function of indenter 

displacement into the sample and sample penetration was apparent with a steady increase in 

load with displacement. Measurements were taken and averaged over different areas on the 

hydrogel and on multiple hydrogel samples. A typical force-displacement curve is shown in Fig. 

2.19.  

 

Figure 2.19. Force-displacement curve generated from nanoindentation in acrylamide hydrogels. 

 

The positive, linear slope of the curve was used to calculate the modulus using G = 

(dF/dH)/(8r) where r is the radius of the flat punch tip, 48.3 µm. Error from nanoindentation 

measurements can arise from the small length scales utilized where there may be surface 

interactions, such as surface tension forces, between the probe and the hydrated sample, along 

with the fact that the hydrogel sample is not a completely homogenous system. These errors 

are minimized by measuring several different locations on a single sample as well as between 

samples for a statistical average of the inhomogeneity (n = 7-17).  
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Figure 2.20. Average elastic moduli of hydrated acrylamide hydrogels measured by nanoindentation.  

Error bar represents standard error, n = 7-17. 

 

As seen in Fig 2.20, where the average measured modulus is plotted for each of the 

different types of hydrogels, hydrogel with spiropyran crosslinked at 1% w/v in addition to 1% 

w/v bis-acrylamide crosslinker (0.4mol% BIS-SP, 1% w/v BIS-m AAm hydrogel) exhibits a 

modulus that is closer to that of pendant spiropyran with 2% w/v bis-acrylamide crosslinker 

(0.4mol% mono-SP, 2% w/v BIS-m AAm hydrogel) rather than that of pendant spiropyran with 

1% w/v bis-acrylamide crosslinker (0.4mol% mono-SP, 1% w/v BIS-m AAm hydrogel). This 

suggests that crosslinked spiropyran does enhance the hydrogel modulus similar to the role of 

bis-acrylamide crosslinker, despite its enhanced swelling in comparison to hydrogels containing 

pendant spiropyran at both 1% w/v and 2% w/v bis-acrylamide (BIS-m) crosslinker (Fig 2.21). 

This indicates that spiropyran as a crosslinker does play some dynamic role in helping to 

enhance the hydrogel modulus over its pendant form, even in a solvated, aqueous regime.  
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Figure 2.21. Average swelling ratios of acrylamide hydrogels immersed in aqueous solution. Error bar 

represents standard error, n = 4-8. 

 

However, spiropyran-modified hydrogels (both crosslinked ‘BIS-SP’, and pendant ‘mono-

SP’) have lower moduli than control, unmodified hydrogels. This can in part be attributed to its 

slightly higher swelling in aqueous solution (Fig 2.21) and could also arise from greater solvation 

of the charged spiropyran units, as well as different intermolecular interactions in the 

spiropyran-modified gel (from hydrogen bonding and electrostatic interactions of charged 

groups to hydrophobic interactions of the ring-closed form) that may disrupt any interactions 

between acrylamide monomers themselves, or hinder any structured movement that would 

otherwise help dissipate stress more efficiently, diminishing its overall integrity or 

homogeneity.  

In particular, the modulus of hydrogel functionalized with spiropyran as a crosslinker is 

not larger than that of the control unmodified hydrogel (Fig. 2.20). Besides the higher swelling 

ratio of hydrogel crosslinked with spiropyran than control hydrogels, a lower measured 
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modulus of hydrogel crosslinked with spiropyran could be due to the activation of only a small 

fraction of crosslinked spiropyran during nanoindentation, with applied loads of up to 0.05 mN 

on the soft material. Additionally, efficiently transmitting macroscopic forces to molecular 

forces that can break bonds is important and can be optimized in a more homogenous system. 

Free radical polymerization generates a random, inhomogeneous network. If spiropyran were 

crosslinked into a more uniform system, stress would propagate more evenly through the 

network, accessing and activating more crosslinked spiropyran, allowing it to dissipate energy 

more effectively under stress. Furthermore, not all of the tethered spiropyran in the hydrogel is 

ring-closed before indentation- the hydrogel stabilizes the ring-open form due to the polarity of 

the aqueous environment, and the effect of mechano-activation is restricted to those 

molecules that are ring-closed initially. In order to observe a larger mechano-activated 

response, it would be ideal to have nearly all of the spiropyran in the ring-closed form initially. 

However, this is less feasible in a hydrogel immersed in water, which stabilizes the ring-open 

form.  

This work can be further extended to study the modulus of other hydrogel systems to 

which spiropyran is tethered in order to determine the influence of the involved mechano-

chemical dynamics on the mechanical strength of the hydrogel. 
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Materials and Methods 

Chemicals: Acrylamide (AAm), acrylic acid (AAc), N,N’-methylenebisacrylamide (crosslinker), 

TEMED, DMSO, 2-(dimethylamino)ethyl methacrylate (DMAEMA), methacrylic anhydride, N,N-

diisopropylethylamine (Hunig’s base), triethylamine, tetrahydrofuran, acryloyl chloride, 

dichloromethane, boron tribromide, iodomethane, diethyl ether, 2,3-dihydroxybenzaldehyde, 

acetonitrile, methanol, and piperidine were all purchased from Sigma-Aldrich. 1’,3’,3’-trimethyl-

6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was purchased from Acros Organics; 

ammonium persulfate (APS)  was purchased from EMD Millipore (CalBioChem, OmniPur®); 5-

methyoxy-2,3,3-trimethyl-3H-indole was purchased from Gold Biotechnology, Inc.  

General Methods: Commercial solvents and reagents were used without further purification. 

Synthesized spiropyran compounds were purified by High Performance Liquid Chromatography 

(HPLC) using the Agilent 1200 Preparative HPLC (HPLC-P) System. NMR spectra were recorded 

on a Varian Mercury300. Liquid chromatography mass spectra for the compounds were 

obtained on an Agilent 1290/6140 Ultra High Performance Liquid Chromatography/Mass 

Spectrometer containing a Quadrupole MSD system, which uses electrospray ionization. High-

resolution mass spectrometry was used to characterize the final purified product by diluting in 

methanol to around 10 µM and submitting the sample to the Small Molecule Mass 

Spectrometry, a Harvard FAS Division of Science Core Facility. pH buffered solutions were 

prepared by mixing monosodium phosphate, monohydrate and disodium phosphate, 

heptahydrate in 100 mL deionized water at 50 mM concentration to generate the desired pH. 

Thermo Scientific Orion 3 STAR pH meter was used to measure the pH of the resulting buffered 

solutions. For measurements in which p(AAm-co-DMAEMA) hydrogel with spiropyran singly 
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tethered was immersed in pH buffered solutions at increased salt concentrations, solutions 

were made by adding NaCl to the relevant pH buffered solutions to make a 200 mM NaCl pH 

buffered solution. For measurements in which p(AAm-co-DMAEMA) hydrogel with spiropyran 

doubly tethered was immersed in solutions of varying salt concentration at pH 4.5, solutions 

were created by incrementally diluting in deionized water a 200 mM phosphate buffered 

solution at pH 4.5 down to 50 mM phosphate buffered solution. 

 

 

Synthesis of spiropyran mono-acrylate, 1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-yl 

acrylate: Spiropyran mono-acrylate was synthesized from a procedure described previously.7b,7c 

Briefly, 1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was treated with 

acryloyl chloride and triethylamine in tetrahydrofuran at 0°C and allowed to react for 15 hours 

at 25°C. The product was washed in ethyl acetate with saturated aqueous sodium bicarbonate 

solution and brine and subsequently purified by HPLC-P on a C-18 column eluted with 

water/acetonitrile. The final product was characterized by liquid chromatography-mass 

spectroscopy [M + 1]+ = 348.2 m/z (Fig. 2.S1) and H1 NMR (Fig. 2.S2).  

Synthesis of spiropyran bis-acrylate, 1’,3’,3’-trimethylspiro[chromene-2,2’-indoline]-5’,8-diyl 

bis(2-methylacrylate): Spiropyran bis-acrylate was synthesized in analogy to Davis et al.13  
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Synthesis of 5-hydroxy-2,3,3-trimethyl-3H-indole- To 1 g (5.3 mmol) of 5-methoxy-2,3,3-

trimethyl-3H-indole in 6.14 mL CH2Cl2 at 0°C was added 10 mL of 1 M BBr3 in CH2Cl2 via syringe 

over 10 min. The solution was allowed to warm to room temperature overnight. After 20.5 

hours, the solution was treated with 30 mL of saturated sodium bicarbonate solution. The 

solution was then diluted with 100 mL of water and a small amount of methanol to dissolve the 

black tarry residue. The solution was extracted with CH2Cl2 (5 x 100 mL) after which the solution 

was dried over Na2SO4 and filtered. The solvent was evaporated off to yield the crude product 

which was purified by column chromatography eluting with 5% MeOH/CH2Cl2 to yield 0.7 g (4 

mmol) of product as a brown solid (75% yield). LC-MS (m/z): [M+H]+ = 176.2. HRMS [M+H]+ 

calculated for C11H13NO, 176.107; found, 176.1077 (Fig. 2.S3). 

 

Synthesis of 5-hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide- 0.7 g (4.0 mmol) of 5-

hydroxy-2,3,3-trimethyl-3H-indole was ground to a fine powder. The powder was then 

dissolved in 3.55 mL of methyl iodide and heated to 32-35°C in a closed vial bound with electric 

tape. After 48 hours, the solution was filtered and washed with 50 mL of benzene. The ppt was 

washed with diethyl ether to yield the product (0.97 g) as light brown powder (77% yield). LC-

MS (m/z): [M+H - I]+ = 190.2. HRMS [M+H - I]+ calculated for C12H16NO, 190.1226; found, 

190.1231 (Fig. 2.S4). 
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Synthesis of 1’,3’,3’-trimethylspiro[chromene-2,2’-indoline]-5’,8-diyl bis(2-

methylacrylate)- 0.55 g (1.7 mmol) of 5-hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide and 

0.24 g (1.7 mmol) of 2,3-dihydroxy-benzaldehyde was combined with 0.34 mL (3.4 mmol) of 

piperidine and dissolved in 17 mL of absolute ethanol. This solution was heated to reflux, 

around 90-95°C. After 2-3 hours, the reaction was cooled and the ethanol evaporated off to 

leave a black residue. The precipitate was allowed to dry to give a black powder. LC-MS (m/z): 

[M+H]+ = 310.2. 

Roughly 66 mg (0.21 mmol) of the black residue was taken up in 5.5 mL THF. 152.1 µL (4.1 

equiv) of Hunig’s base was added, and the solution cooled to 0 °C. A solution of 252.6 µL (8.0 

equiv) methacrylic anhydride in 1.67 mL THF was added dropwise via syringe to the cold 

solution under N2. The solution was allowed to stir while warming to room temperature. After 

stirring overnight, the solution was concentrated in vacuo to yield the crude product. The crude 

spiropyran bis-acrylate product was dissolved in DMSO at 1-5 mg/mL. 1.5-2 mL of this was 

injected into the HPLC-P and run through a C-18 column at a rate of 20 mL/min. Elution solvent 

consisted of a mixture ranging from 5-95% v/v acetonitrile to deionized water, each with 0.1% 

trifluoroacetic acid (TFA). The product was eluted from the column at around 60% v/v 

acetonitrile/water onward over a period of 30-40min at the end of which the elution solvent 

consisted of 100% acetonitrile (0.1% TFA). The eluted purified product was characterized by LC-



 90 

MS (Fig. 2.S5) as described above, exhibiting peaks with [M + H+] = 446.2 m/z. The solvent was 

evaporated to yield ~10 mg (0.02 mmol) of the reddish brown colored product (yield ~10%). 

High-resolution mass spectrometry was used to characterize the final purified product by 

diluting in methanol to around 10 µM and submitting the sample to the Small Molecule Mass 

Spectrometry, a Harvard FAS Division of Science Core Facility (Fig. 2.S6). 1H NMR Spectrum of 

the purified spiropyran bis-acrylate compound was collected on a Varian Mercury300 

instrument (Fig. 2.S7). 

Synthesis of crosslinked hydrogel samples: Monomers and crosslinker were dissolved in 4:1 v/v 

DMSO:deioinized water and degassed for at least 15min under vacuum. Humidity-responsive 

hydrogels contained 40% w/v Acrylamide, while pH-responsive hydrogels contained 20% w/v 

Acrylamide-20% w/v Acrylic acid and 28% w/v Acrylamide-28% w/v DMAEMA. 1-2% w/v N,N’-

methylenebis(acrylamide) was added as crosslinker. 0.4mol% of mono-acrylated spiropyran, 

bis-acrylated spiropyran, or untethered hydroxy-spiropyran was then dissolved in the stock 

solution to create singly tethered, doubly tethered, or untethered spiropyran-modified 

hydrogel samples, respectively. Before curing, 2% w/v APS was added to the stock solution. 

Upon addition of TEMED catalyst, the hydrogel pre-cursor solution was dispensed into a circular 

plastic mold or in eppendorf caps and left to cure in the dark at RT for at least 24 hrs. Cured 

hydrogel samples were then immersed in 1 mM HCl (aq) water bath for 3-4 days to remove 

excess, unreacted monomers. Presented results denote measurements conducted on 3-5 

hydrogel samples of each type.  

Swelling ratio measurements: Swelling measurements were carried out on hydrogel samples up 

to 0.5-2 mm thick by immersing samples in a 50 mM (phosphate) pH buffer (pH 3.2, 5.5, 6.2, 
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6.8, 7.2, 7.8, 8.2, 8.7) for up to 12 hrs. The mass of each sample was then measured after 

removing excess water with filter paper. After repeating for each pH solution, samples were 

then allowed to dry in air over several days in order to obtain their dry weight. The swelling 

ratio for each pH was calculated as SR = (mass swollen – mass dry)/mass dry. To measure the 

swelling ratio of p(AAm-co-DMAEMA) hydrogels to which spiropyran was doubly tethered as a 

function of salt concentration, buffered solutions at pH 4.5 with varying salt concentration were 

prepared by serial dilution from a 200 mM pH 4.5 phosphate buffer with deionized water. 

Prepared spiropyran-modified hydrogels were immersed in each solution for at least 4 hrs, after 

which the swollen mass was recorded and the swelling ratio calculated as described above.  

UV-Vis absorbance and fluorescence measurements:  Prepared hydrogel samples were placed in 

48- or 96-well plate and the absorbance and fluorescence with excitation at 420 nm was 

measured on the SpectraMax M5 Microplate (Molecular Devices) reader at room temperature. 

Signal from control hydrogel samples not containing spiropyran was subtracted from signal 

from spiropyran-modified hydrogel samples, which were subsequently baseline-subtracted to 

account for differences in the swollen nature of the hydrogels and to make relative 

comparisons. For prepolymer solution measurements, monomers and crosslinker were 

dissolved in 4:1 v/v DMSO:deioinized water along with 0.4mol% acrylated spiropyran. 2 µL of 

this prepolymer solution was mixed in 90 µL phosphate buffered pH solution (50 mM) in a 96-

well plate. Subsequently, the absorbance and/or fluorescence with excitation at 420 nm was 

measured on the SpectraMax M5 Microplate (Molecular Devices) reader at room temperature. 

Absorbance signal from control prepolymer solution not containing spiropyran was subtracted 

from signal from spiropyran-containing solution mixtures.  
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FTIR-ATR measurements:  Prepared hydrogels were allowed to dry in a desiccator prior to FTIR-

ATR measurements. ATR was used to obtain spectra of the dry hydrogel samples on the 

HYP3000 Vertex 70 FTIR Spectrometer at room temperature.  

Confocal microscopy measurements: Prepared spiropyran mono-acrylate modified p(AAm-co-

DMAEMA) hydrogels were immersed in either pH 3.2 (50 mM) buffer or pH 8.5 (50 mM) buffer 

overnight and its fluorescence at 500-600 nm and 600-700 nm when excited at 488 nm was 

measured on a Zeiss LSM 700 Laser Scanning Microscope. Images were analyzed with ImageJ. 

Nanoindentation measurements: Bulk hydrogels synthesized in eppendorf caps were swollen in 

aqueous solution. Before measurements the swollen hydrogel was fixed onto a glass coverslip 

with a drop of cyanoacrylate glue and re-immersed in aqueous solution for at least another few 

hours. For the measurement, the glass coverslip containing the fixed hydrogel was taped onto 

the nanoindenter platform. Hydration of the hydrogel sample was maintained by depositing 

aqueous solution with a pipette around the sample before measurement. The size of the 

hydrogel sample did not change during the measurements and were not seen to exhibit 

swelling changes between aqueous solutions. The Agilent Nano Indenter G200 was used to 

conduct mechanical testing on the hydrogel samples. A flat punch with a radius of 48.3 µm was 

used to indent 5-10 µm into the sample at a loading rate of 500-1000 nm/s. The resulting load 

on the sample (mN) was plotted against displacement into the sample (nm) and the modulus 

was extracted from its slope, dF/dH, where G = (dF/dH)(1/8r) and r is the flat punch tip radius. 
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Chapter 3. Towards Light-activated Actuation in Spiropyran-modified HAIRS 

Is local photoactuation in HAIRS possible? 

 

Introduction 

 The effect of covalent attachment to volume-changing hydrogels on the isomerization of 

spiropyran in different aqueous environments was analyzed in chapter 2. Yet there are several 

other interesting aspects of spiropyran-modified hydrogels to explore, including applying 

external perturbation to the system in the form of light energy to alter the structure of 

spiropyran and observing the effect this has on the response of the hydrogel to which it is 

tethered on a smaller scale. Here this vector will be further analyzed in efforts towards realizing 

light-induced actuation of spiropyran-modified hydrogels on the micron-scale.  

There has been extensive research into the photoresponse of spiropyran, which can 

reversibly isomerize between two different states when activated by light - visible light 

isomerizes the hydrophilic ring-open merocyanine to the hydrophobic ring-closed spiropyran, 

while UV light triggers the reverse reaction. Due to the large difference in polarity between the 

two states, spiropyran has been incorporated into a variety of systems in which its light-

activated isomerization influences the host material and reversibly alters its properties.1 For 
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instance, modified spiropyran incorporated into a nanostructured liquid crystalline matrix 

exhibits reversible, light-induced structural changes that alter the drug release rate from the 

matrix.2 Gratings can be reversibly formed on liquid crystal structured siloxanes containing 

spiropyran by irradiation with either UV or visible light, with potential for reversible optical data 

storage.3 Spiropyran conjugated biomolecules, such as polypeptides, have found use as highly 

specific and environmentally sensitive sensors.4 Due to differences in charge inherent in the 

ring-open form as opposed to the ring-closed form of spiropyran, a spiropyran-modified 

nanofluidic device is able to control directional transport of ions by irradiation of UV light in 

acidic or neutral solution.5  

In particular, spiropyran has been incorporated into various polymeric systems,6 

exhibiting a range of photoswitchable properties - diffraction wavelength of photonic crystals,7 

stiffness of polymeric composites,8 and wettability of polymer brush surfaces.9 For spiropyran-

modified hydrogels, it has been shown that the light-induced isomerization of spiropyran 

between a hydrophobic, uncharged state and a hydrophilic, charged state influences the 

swelling behavior of the hydrogel, allowing for photoactuation.7, 10 This has led to optically 

controlled microfluidic devices,11 mutli-responsive polymers,10a, 10b,12 and photo-controlled 

surface topographies.13 

Notably, Sugiura et al. observed light-activated hydrogel volume change of spiropyran-

functionalized NIPAAM hydrogels,11a, 14 with the ability to controllably navigate microparticles 

resting on the hydrogel sheet. Photoactuation of hydrogels allows for more localized volume 

change that is useful for greater control in “smart” designs and for imparting directionality or 

asymmetry in an otherwise homogenous/isotropic system. The use of light makes possible a 
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larger spectrum of control over stimuli that may actuate the hydrogel to different degrees 

encompassing the range of wavelengths of light in addition to the intensity of light, which can 

be varied. As such, photoresponsive hydrogels would find use in an array of applications, 

particularly those that require precise control over actuation and mechanical changes. 

 

Towards Optically-driven Actuation in HAIRS 

Absorbance spectra of spiropyran dissolved in aqueous solution show the amount of 

hydrophilic ring-open form of spiropyran (420 nm) is decreased upon visible light irradiation 

(Fig. 3.1), which is accompanied by discoloration of the solution. Actively transforming 

spiropyran from its hydrophilic ring-open form, which is stable in the polar environment of the 

hydrogel, to the hydrophobic ring-closed form can alter the local hydrophilicity of the hydrogel 

to which it is tethered, allowing for local volume change, the extent of which would depend on 

specific conditions that relate to the stimulus and mechanism of volume change.  

 

Figure 3.1. Spiropyran isomerization by visible light. Absorbance spectra of spiropyran dissolved in 

acetonitrile and diluted in aqueous solution irradiated with broadband visible light for 1 min. Reduced 

absorbance intensity at 420 nm indicates decrease in amount of spiropyran ring-open form with visible 

light irradiation. 
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While photoactuation has been shown in spiropyran-modified hydrogels previously,10-11 

achieving local actuation of the hydrogel can be uniquely pursued and can find particular 

applicability when coupled with microstructure movement as in HAIRS, a hybrid system 

developed in our lab with many adaptive functions and utilized in Chapter 1 (Fig. 1.1). The 

integration of volume-changing hydrogels with a flexible microstructured surface unites stimuli-

responsive functionality with the range of properties (optical to wetting to motility) offered by 

ordered structures to generate a variety of environmentally cued outputs. In HAIRS, the tensile 

stress from hydrogel volume change generates forces that induce elastic bending of flexible 

microstructures made of material such as epoxy, to which the hydrogel is attached, enabling 

chemo-mechanical energy transduction between the different materials.15 In particular, the 

stiffness and aspect ratio of the microstructures together determine the extent of bending for a 

certain force provided by the hydrogel.15 Precise control over actuation in HAIRS has achieved 

much progress in our group, in which pH-responsive HAIRS was incorporated in a microfluidic 

device to allow for laminar flow of either acidic or basic solution simultaneously over different 

regions of the array, thus creating a localized and gradient actuation response.16 Increased 

control over actuation responses allows for more precise outputs that make it useful for 

applications that require more resolved sensing and response.  

Here, stimuli-responsive hydrogels used in HAIRS are functionalized with spiropyran as a 

pendant group, and the effect of its visible light-activated isomerization from the hydrophilic 

ring-open form (stable in aqueous hydrogels) to the hydrophobic ring-closed form on the 

actuating transition of the hydrogel and subsequent ability to locally bend microstructures is 

preliminarily investigated, in order to determine if localized photo-actuation in HAIRS is possible 
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with spiropyran functionalization. If so, additional functionality can be imparted to HAIRS, 

opening up its applicability to systems in which local actuation is a key feature, such as in 

microfluidics, miniature-scaled transportation, selective probing of cell attachment, and so on. 

Although spiropyran would make up only a small part of the hydrogel backbone itself, from 

0.25-3.0 mol% of the total monomer content, its ability to change the volume of the hydrogel is 

closely linked to the mechanism involving the polymer backbone itself, in which spiropyran is 

able to contribute to the hydrophilicity or hydrophobicity of the hydrogel through its 

isomerization between charged and ring-closed forms. By integrating the response of 

spiropyran with that of the hydrogel backbone, light-activation under specific conditions could 

lead to hydrogel volume change that would allow for microstructure bending in HAIRS. 

Spiropyran acrylate was co-polymerized in 40% w/v pNIPAAm hydrogel at 0.5 mol% and 

1.0mol% concentration with respect to total monomer content. The hydrogel precursor was 

deposited around epoxy microstructures (9:1 (w/w) UVO-114 epoxy:glycidyl methacrylate) that 

are 18 µm tall, 10 µm wide, and 2 µm thick, and thermally cured at ambient room temperature 

for about 5 hrs to make microstructure actuating HAIRS. Contraction of pNIPAAm hydrogel is 

entropy driven, in which association of the isopropylacrylamide units occur preferentially with 

one another rather than with the surrounding water solvent at temperatures above its LCST. 

Temperature increase above the LCST increases the hydrophobicity of pNIPAAm and it 

contracts, allowing the microstructures to bend (Figure 3.2).  
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Figure 3.2 Microstructure bending by actuation of pNIPAAm hydrogel above its LCST in HAIRS. 

 

First, the volume phase transition temperature (VPTT) of spiropyran-modified pNIPAAm 

HAIRS was measured in order to determine the effect of spiropyran content on the 

temperature-driven actuation of the hydrogel that produced microstructure bending. It was 

found that increasing the concentration of spiropyran tethered to pNIPAAm HAIRS lead to 

slightly lower VPTT that induced bending of the microstructures compared to control-pNIPAAm 

HAIRS samples that did not contain spiropyran (Table 3.1).  

 

 

Table 3.1. Actuation of spiropyran-modified pNIPAAm hydrogels. Photoactuation and volume phase 

transition temperatures (VPTT) of spiropyran-modified pNIPAAm and control pNIPAAm hydrogels 

immersed in solutions of different pH. Data represents measurements on 2-3 HAIRS samples. 

 

T > LCST 
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Differential scanning calorimetry that characterizes the heat flow over a constant 

change in temperature in the hydrogel sample also shows the spiropyran-modified pNIPAAm 

hydrogel to have a slightly lower transition temperature than the unmodified pNIPAAm 

hydrogel (Fig. 3.3). Incorporation of hydrophobic co-monomers tends to decrease the LCST of a 

pNIPAAm based hydrogel.17 A decrease in VPTT with increasing spiropyran content could be 

due to the increased hydrophobicity that the ring-closed spiropyran imparts on the hydrogel.  

 

 

Figure 3.3. Differential scanning calorimetry curves of pNIPAAm hydrogels. a) control pNIPAAm hydrogel 

and b) 0.5 mol% spiropyran-modified pNIPAAm hydrogel. It is apparent that spiropyran incorporation 

reduces the measured LCST phase transition of the hydrogel. 

 

Once the dependence of the VPTT on spiropyran content in the pNIPAAm hydrogel was 

determined, photoactuation was measured in the spiropyran-modified pNIPAAm hydrogels at 

different temperatures. Sumaru et al. observed a 5-fold photo-shrinking of a thin film of a 

crosslinked pNIPAAm hydrogel functionalized with spiropyran at 1.0 mol% of pNIPAAm.10a 

Importantly, they found that photo-actuation occurred at temperatures close to the LCST phase 



 103 

transition, allowing for photo-conversion of spiropyran to its hydrophobic form by visible light 

to alter the chemical potential of the system just enough to drive the hydrogel towards 

contraction and a fully hydrophobic state to minimize free energy. While controlling solution pH 

and monitoring solution temperature, visible light (542 nm-644 nm) from the optical 

microscope (Olympus IX71) was directed onto the HAIRS sample for up to 3 minutes. Although 

no light-activated actuation occurred under these conditions for 0.5 mol% spiropyran-modified 

pNIPAAm HAIRS, light-activated actuation was observed by microstructures bending in 1.0 

mol% spiropyran modified pNIPAAm HAIRS immersed in either pH 4.7 or pH 6.3 buffer at 

temperatures just below that of the measured VPTT (Fig. 3.4). It was also observed that upon 

irradiation of a spot in the 1.0 mol% spiropyran modified pNIPAAm HAIRS, the intensity of color 

in the area changed from yellow to a less intense yellow or lost its color altogether, indicating 

spiropyran isomerized to its ring-closed form. Importantly, light-activated actuation of the 

microstructures occurred more readily at higher spiropyran content and selectively at 

temperatures close to the VPTT, signifying the chemical potential of the system is a crucial 

aspect of successful microstructure bending in the spiropyran-modified HAIRS.  
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Figure 3.4. Photoactuation of spiropyran-modified pNIPAAm HAIRS. Photoactuated microstructure 

bending in 1.0 mol% spiropyran-modified pNIPAAm HAIRS immersed in pH 6.3 solution at 22°C, 

irradiated with visible light (542 nm-644 nm) for 2.5 min. 

 

 In addition to the thermo-responsive pNIPAAm hydrogel, the pH-responsive p(AAm-co-

AAc) hydrogel was also modified with spiropyran and its local photoactuation measured in 

HAIRS. Spiropyran acrylate was co-polymerized into p(AAm-co-AAc) hydrogel containing 20% 

w/v AAm and 20% w/v AAc at varying concentrations with respect to total monomer content. 

The hydrogel precursor was deposited around the same epoxy microstructures that are 18 µm 

tall, 10 µm wide, and 2 µm thick, and cured under broadband UV to make microstructure 

actuating HAIRS. Here, the mechanism of volume change occurs through the pH-response of 

the AAc groups, in which the protonation of AAc leads to a decrease in charge of the polymer 

backbone and osmotic pressure within the hydrogel, causing hydrogel collapse. As a pH-

responsive molecule, spiropyran not only becomes hydrophobic upon closing its ring, but also 

releases a proton in the process if the ring-open form was originally protonated. This released 

proton can be captured by neighboring de-protonated AAc groups, contributing to local 

hydrogel contraction.  
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Just as the volume phase transition of spiropyran-modified pNIPAAm hydrogels was 

measured with temperature, the effect of spiropyran content on the pH-induced volume phase 

transition and microstructure bending of spiropyran-modified p(AAm-co-AAc) HAIRS was 

determined. By increasing spiropyran content in the pH-responsive hydrogel, it was found that 

the pH that induced microstructure actuation increased sinusoidally (Fig 3.5).  

 

 

Figure 3.5. Volume phase transition pH of p(AAm-co-AAc) HAIRS modified with increasing amount of 

spiropyran. Error bars represent standard deviation, n = 3-4. Measurements done in collaboration with 

Keti Piradeshvilli, visiting student from Aachen University, Germany. 

 

The effective pKa of the overall spiropyran-modified p(AAm-co-AAc) HAIRS seemingly 

increases with increasing spiropyran content. This could be due to interaction of the two 

different acidic components in the hydrogel, in which the pKa associated with ring-open 

spiropyran (solution pKa reported in the range of 6-7)18 is higher than that of AAc (pKa 4.2). This 

allows the ring-open form of spiropyran to become protonated when neighboring acrylic acid 

groups loose a proton.10c The color of spiropyran-modified p(AAm-co-AAc) HAIRS shows this 
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trend as well, maintaining a yellow color, indicative of the protonated ring-open form, in 

solutions of up to pH 7, while changing to a red-purple color, indicative of the de-protonated 

ring-open form, at higher pH (Fig. 3.6).  

 

 

Figure 3.6. Images of spiropyran-modified p(AAm-co-AAc) HAIRS in different pH conditions. Shown are 

HAIRS samples in low pH (yellow color) and high pH (red-purple color). 

 

Concurrently, increasing the content of the more hydrophobic co-monomer, spiropyran, 

could lead to some hydrophobic interactions that decrease the acidity of or enhance hydrogen 

bonding between AAc groups through a higher pH, shifting the transition pH in this way as 

well.19 The largest force from hydrogel volume change for full microstructure actuation is 

generated when the hydrogel is fully swollen and most acidic groups are deprotonated and 

charged, which likely occurs at higher pH with increasing amounts of spiropyran in the gel. It 

should be noted that with increasing amounts of spiropyran, it was found that the 

polymerization of HAIRS became a bit more challenging and longer curing times were required 

due to the photochrome’s ability to absorb some UV light during curing.  

 In order to measure the local photoactuation of spiropyran-modified p(AAm-co-AAc) 

HAIRS, intense visible light (458 nm and 476 nm) was directed onto focused areas on the HAIRS 
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sample in solutions of different pH. It was found that blue light from a confocal microscope 

(Leica TCS SP5) directed onto a 1.0 mol% spiropyran modified p(AAm-co-AAc) HAIRS in pH 4.7 

solution for 2 minutes was able to locally actuate the microstructures under the focused light 

(Figure 3.7), while surrounding microstructures remained upright. Similar to photoactuation in 

the thermoresponsive spiropyran-modified pNIPAAm HAIRS, photoactuation was possible close 

to the volume phase transition pH and less likely in higher pH solutions tested (pH 5.5 and pH 

6.3), again suggesting the importance of the chemical potential of the system for chemo-

mechanical photoactuation, particularly when spiropyran content is much lower than that of 

the main monomer composition. 

 

Figure 3.7. Photoactuation of spiropyran-modified p(AAm-co-AAc) HAIRS. a) Photoactuated 

microstructure bending in 1.0 mol% spiropyran modified p(AAm-co-AAc) HAIRS immersed in pH 4.7 

solution, irradiated with visible light (458 nm and 476 nm) for 2 min, while b) control unmodified 

p(AAm-co-AAc) HAIRS immersed in pH 4.7 solution, irradiated with visible light (458 nm and 476 nm) for 

2 min does not show microstructure bending. 
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Conclusion 

Here, localized photoactuation in spiropyran-modified HAIRS was accomplished using 

visible light irradiation, which is able to isomerize spiropyran from its ring-open form to its ring-

closed form, locally altering the hydrophilicity in the hydrogel. While light-activated volume 

change has been shown in spiropyran-modified hydrogels in other works,10-11 here this chemo-

mechanical work was coupled to localized microstructure bending in HAIRS. It was anticipated 

that if linked with the inherent mechanism of hydrogel volume change under certain 

conditions, optical perturbation could allow for microstructure bending in HAIRS. Indeed, 

localized photoactuation with visible light was observed in both spiropyran-modified pNIPAAm 

and spiropyran-modified p(AAm-co-AAc) hydrogel systems close to their volume phase 

transitions at increased concentration of spiropyran, although precise control over stimuli 

conditions was necessary. Temperature and pH were important factors in enabling 

photoactuation, bringing the polymeric system close to its phase transition, upon which light-

activated spiropyran isomerization to its hydrophobic form was able to drive the system 

towards dehydration and volume change, leading to light-induced microstructure bending in a 

few cases, in which the magnitudes of the effects involved were appropriately tuned. Increasing 

spiropyran content influenced the volume phase transition in both hydrogel systems due to the 

impact of spiropyran chemistry and form on the hydration of the polymeric backbone. This 

synchronous effect whereby increasing spiropyran content enables photoactuation while also 

altering the volume phase transition itself provides for a precise environment for light-activated 

chemo-mechanical work. It also gives different handles by which to control the amount of 

actuation and phase transition with a possibility to create a material infused with gradients in 
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stimuli-responsive properties according to the amount of spiropyran tethered to different areas 

in the material. 

 

Future Directions 

 Studying the actuation of spiropyran-modified HAIRS can be taken further by 

incorporating crosslinked, or doubly tethered spiropyran instead of pendant, or singly tethered 

spiropyran in the hydrogel. Doubly tethering spiropyran to HAIRS would introduce novel 

mechano-chemical dynamics as spiropyran is known to be a force-sensitive compound20 in 

which mechano-chemical transduction can allow for stress-induced spiropyran ring-opening 

(Scheme 3.1), as mentioned in Chapter 2. Force activated spiropyran isomerization, in which 

each molecule opens its ring at the spiro C-O bond, can occur with 2-3 nN of applied force.20 

 

 

Scheme 3.1 Force-activated ring-opening of crosslinked spiropyran. 

 

Davis et al. incorporated spiropyran as a crosslinker in elastomeric PMA and PMMA gels 

and found spiropyran to function as an efficient stress-sensor within the network, coloring and 

fluorescing where elongation or compression of the gel induced ring-opening of spiropyran.20 

Similarly, doubly tethering spiropyran to the hydrogel has the potential for stress-mapping in 
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the hydrogel, in which mechanical deformation or internal stresses can cause ring-opening of 

the spiropyran to a fluorescent form that exhibits intense color. In particular, stresses within 

the substrate-attached swollen hydrogel network in HAIRS could activate crosslinked 

spiropyran, causing differential coloring near areas of high stresses such as near microstructure 

bending, that would be useful for mechano-sensing. Additionally, internal stresses developed 

within the polymer during hydrogel synthesis could also activate crosslinked spiropyran. 

Interestingly, we found that upon polymerizing acrylamide hydrogels in a cylindrical 

glass pipette tip, those containing spiropyran as crosslinker exhibited pinched areas with more 

intense red color than other areas of the hydrogel (Fig 3.8a). Notably, this localized color was 

absent when the hydrogel did not exhibit pinching, and was absent in acrylamide hydrogel 

containing pendant spiropyran in which no pinching occurred (Fig 3.8b). Furthermore, of the 

control acrylamide hydrogels (containing no spiropyran) made in the same way, none exhibited 

pinching, but rather retained its homogenous cylindrical shape (Fig 3.8c).  

 

 

Figure 3.8. Acrylamide hydrogels upon curing in pipette tips. a) AAm hydrogels containing crosslinked 

spiropyran; b) AAm hydrogel containing pendant spiropyran; c) AAm hydrogel containing no spiropyran. 

1mm 

a) 

b) c) 
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Figure 3.9. Absorbance spectrum of hydrated AAm hydrogel modified with spiropyran crosslinker. 

Spectrum shows pinched (blue curve) and unpinched (red curve) areas of hydrogel. 

 

While such a phenomenon may arise from accumulation of spiropyran near the pinched 

areas, spectroscopic data show that the pinched area has a different absorbance peak rather 

than a more intense absorbance than unpinched areas (Fig 3.9), suggesting the color could arise 

from a different form, specifically the zwitterionic ring-open form with absorbance around 

530nm, that occurs in areas where the hydrogel has higher internal stresses. This is 

accompanied by images of fluorescence emission (570-774 nm) from confocal microscopy 

showing the pinched area of the hydrogel fluorescing more than other areas around it (Fig 

3.10). 
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Figure 3.10. Confocal microscopy fluorescence images of AAm hydrogel modified with spiropyran 

crosslinker. Right- relative fluorescent intensity profile as a function of distance along blue line denoted 

on the images to the left. Top image shows unpinched, more homogenous area of the hydrogel; bottom 

image shows pinched area of the same hydrogel sample. Ex 488 nm/543 nm, Em 570-774 nm. 

 

Although temperature and pH-responsive hydrogels are well characterized, the field of 

mechano(force)-responsive hydrogels and their applications are not as well developed, but if 

studied, it could lead to important advances in motion-sensitive devices, force-mapping 

applications and other such areas.21,22 Our micron-sized actuating assembly uniquely allows us 

to address the mechano-responsiveness of a hydrogel; the geometric constraints imposed by 

the microstructure array induces the swollen hydrogel to experience inner isotropic tension.23 

In such a system, one can not only quantitatively determine local strains in the hydrogel, but 

also locally activate mechanophores in the hydrogel by altering the local confinement geometry 
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as well as mechanophore density, thus achieving differences in physical properties across the 

hydrogel-microstructure array. Additionally, the conclusions generated by further study of such 

a system could be used to develop theoretical models of the kinetics and mechanochemistry 

involved in modified hydrogels. 23,24,25,26,27
 However, larger contrast and accuracy of the stress-

sensing would benefit from a system that is less polar, stabilizing the ring-closed form of 

spiropyran in its resting state, such that areas of mechanical stress rather than high polarity 

would give a more contrasting fluorescent signal. This could be addressed in certain hydrogel 

systems by measuring in more alkaline conditions in which the ring-closed form of spiropyran is 

predominant, or by incorporating a small amount of hydrophobic co-monomer in the hydrogel 

to decrease the polarity of the system. 

 

Materials and Methods 

Chemicals: Acrylamide, acrylic acid, N,N’-methylene bis(acrylamide), N-isopropyl acrylamide, 

TEMED, DMSO, glycidyl methacrylate, 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure® 2959, photoinitatior), and tetrahydrofuran were all purchased from Sigma-Aldrich. 

1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was purchased from Acros 

Organics, and ammonium persulfate (APS)  was purchased from EMD Millipore (CalBioChem, 

OmniPur®). UVO-114 epoxy was purchased from Epoxy Technology (Billerica, MA).  

Synthesis of spiropyran acrylate monomer and spiropyran crosslinker: See materials and 

methods of Chapter 2. 

Absorbance characterization of spiropyran response to visible light: Spiropyran acrylate 

monomer was dissolved in acetonitrile and 5 µL of this solution was dissolved in 45 µL of pH 5.5 
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aqueous buffer in a 96-well plate. The absorbance of the solution was measured on the 

SpectraMax M5 Microplate (Molecular Devices) reader at room temperature. Signal from 

control solution consisting of 5 µL acetonitrile (containing no spiropyran) in 45 µL pH 5.5 buffer 

was subtracted from signal from spiropyran containing solutions. Broadband visible light was 

directed onto solutions containing spiropyran for 1 min and the absorbance subsequently 

measured on the microplate reader. 

Synthesis of HAIRS: The HAIRS consisted of an array of epoxy fins 18 µm in height, 2 µm in 

depth, 10 µm long, with a pitch of 5 µm, which were made by depositing a film of UVO-114 

epoxy resin with 10 wt% glycidyl methacrylate in a negative PDMS mold of identical dimensions 

and UV-curing for 20 min. The cured epoxy microstructure array was then gently peeled from 

the PDMS mold. The PDMS mold itself was cast from a silicon master.  

pNIPAAm HAIRS- To 50 µL of stock solution containing 40% w/v NIPAAm with 2% w/v 

N,N’-methylenebis(acrylamide) crosslinker in 7:3 v/v THF/water was added 1 mg APS and ~0.5 

µL TEMED. About 10 µL of the prepolymer solution was deposited onto roughly 20 mm x 20 mm 

area of cured epoxy array of microstructures and covered with a thin cover slip. The samples 

were then thermally cured at ambient room temperature for about 5.5 hrs under aluminum foil 

and subsequently immersed in 5 mM HCl (aq) water bath overnight and washed to remove 

unreacted monomers. Alternatively, Irgacure® photoinitiator was added to the prepolymer 

stock solution, which was deposited around the epoxy microstructures, upon which was 

carefully placed a thin cover slip and the sample cured under UV light (Blak-Ray, 100 W, 365 nm 

band-pass filter) for 10 min. 
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p(AAm-co-AAc) HAIRS- To a solution containing 20% w/v AAm and 20% w/v AAc, along 

with 2% w/v N,N’-methylenebis(acrylamide) crosslinker in deionized water was added 1 mg of 

2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone Irgacure® photoinitiator. About 10 µL 

of the prepolymer solution was deposited onto roughly 20 mm x 20 mm area of cured epoxy 

array of microstructures and covered with a thin cover slip. The samples were then cured for 6 

min under UV light (Blak-Ray, 100 W, 365 nm band-pass filter) and subsequently immersed in 

water to remove unreacted monomers. 

Optical microscopy-assisted measurements of HAIRS actuation: The Olympus IX71 Inverted 

microscope was used to visualize HAIRS actuation and microstructure bending while immersed 

in solutions of different pH and temperature. 

Measuring actuation of pNIPAAm HAIRS- A precision fine wire thermo-couple connected 

to a temperature controller was used to measure changes in solution temperature to correlate 

solution temperature with volume phase transitions and microstructure bending in HAIRS. 

Visible light (20% power) from a mercury lamp light source passing through a filter cube (BP 

542-644 nm) was directed onto the sample to measure photoactuation. 

Measuring photo-actuation of pH-responsive p(AAm-co-AAc) HAIRS- A confocal 

microscope (Leica TCS SP5) was used to direct blue light (458 nm and 476 nm) from an argon 

laser (100% power) onto the sample and visualize microstructure bending. 

Differential scanning calorimeter measurements- Hydrogels were equilibrated in deionized 

water and deposited in platinum pans for DSC measurement. Reference was taken as air and 

the temperature increased at a steady rate of 5.0°C/min from -10°C to 50°C. The temperature 

was then kept constant at 50°C for 5 min after which the temperature was decreased at a 
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steady rate of 5.0°C/min down to -10°C. The temperature was then increased again at a steady 

rate of 5.0°C/min to 50°C. 

Synthesis of bulk cylindrically-shaped spiropyran-modified hydrogels: Monomers and crosslinker 

were dissolved in 4:1 v/v DMSO:deioinized water. The composition of the hydrogel was 40% 

w/v Acrylamide, with 2% w/v N,N’-methylenebis(acrylamide) as crosslinker. Mono-acrylated or 

bis-acrylated spiropyran was then dissolved in the stock solution at 0.4mol% of the total 

monomer amount. Before curing, 2% w/v APS was added to the stock solution. Upon addition 

of TEMED catalyst, the hydrogel precursor solution was mixed and dispensed into the tip of a 

glass pipette by a capillary force and left to cure in the dark at ambient temperature for at least 

24 hrs. Cured hydrogel samples were then hydrated by ambient moisture from water in an 

enclosed container.  

Absorbance spectroscopy by fiber optic spectrometer- Absorbance spectra of cylindrically cured 

bulk AAm hydrogel samples containing spiropyran bis-acrylate (crosslinker) were taken by the 

fiber optic Ocean Optics spectrometer, which was attached to the Leica optical microscope 

(DMRX). Signal was taken from the center of each hydrogel sample and signal from the 

unmodified control hydrogel was subtracted from that of the spiropyran-modified hydrogel. 

Confocal microscopy fluorescence measurements- The Leica TCS SP5 confocal microscope was 

used to image the bulk hydrated AAm hydrogels containing spiropyran bis-acrylate 

(crosslinker). The spiropyran-modified hydrogel was imaged with 488 nm/543 nm laser light 

and emission collected from 570 nm-774 nm.  
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Chapter 4.  Reversible Self-trapping of Light in Spiropyran-modified Hydrogels- Single Beam 

Studies 

Is self-trapping of light possible in dynamic spiropyran-modified hydrogels, and if so, can it occur 

multiple times and exhibit reversibility? 

 

Introduction 

 While the localized actuation of microstructures in an array can be used for several 

surface-integrated applications, focused photoactuation in bulk hydrogels offers much in the 

study of chemo-mechanical dynamics. Here, we expand the study of local photoresponses to 

freestanding spiropyran-modified hydrogels, shifting focus towards its nonlinear properties for 

applications in dynamic optics. Importantly, due to the reversible nature of spiropyran photo-

isomerization between different forms1, we anticipated that integration of the photo-induced 

dynamical response of spiropyran with an environmentally responsive and reconfigurable 

hydrogel can exhibit reversible nonlinear optical responses. In particular, we hypothesized that 

continuous intense visible light activation of spiropyran tethered to the hydrogel would cause 

isomerization from the stable ring-open merocyanine to the ring-closed spiropyran, affecting 

the local swelling of the surrounding hydrogel that would generate a local gradient in refractive 

index within the hydrogel and lead to a lensing effect that focuses the propagating light in a 
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phenomenon termed self-trapping. Self-trapping of light, or soliton formation, occurs in a 

variety of nonlinear media such as photorefractive crystals2, photopolymers3, liquid crystals4, 

semiconductors5, atomic vapor6, etc., in which there is strong interaction between the light 

beam and the medium- the medium, which has a large nonlinear polarizability, responds to the 

intense light beam with induced polarizations that lead to an increase in refractive index 

shaped by the profile of the beam.7 This local increase in the refractive index modifies the light 

beam in turn, in a phenomenon otherwise known as the Kerr effect, by focusing the beam, 

opposing natural diffraction; when self-focusing is exactly balanced by diffraction, the beam is 

considered to be self-trapped. While the exact mechanism of self-trapping varies with each 

medium, the properties of these solitons are fairly general- solitons consist of both the wave 

and particle nature of light, and as such, two solitons can collide and interact.8 Additionally, the 

formed waveguide is capable of influencing other light beams that propagate through the 

material.9  

In general, propagation of light through a nonlinear medium is described by the 

nonlinear Schrodinger equation- 

 

in which the first term describes beam propagation along the z-axis (k is the wavenumber, and 

no is the unperturbed refractive index), the second term describes divergence of the beam, and 

the last term describes the converging of a beam due to self-focusing (n, the refractive index, is 

dependent on the power of the light).10 Kerr media typically exhibit local, instantaneous 

responses to the light beam and lead to catastrophic collapse and filamentation as the beam 

increasingly self-focuses.11 In contrast, media that exhibit saturable nonlinearities, in which the 
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response of the nonlinear component to the light saturates over time, are able to form stable 

solitons over time.12 The nonlinear equation for beam propagation in media with a saturable 

nonlinearity is given as- 

 

in which A is the varying amplitude of the electric field of the optical beam, and ∆n(I) describes 

the local saturable refractive index change, where Isat is the saturation intensity of the system13- 

 

 Typical values of ∆n that generate solitons are larger than 10-4.14  

Media that exhibit light self-trapping find numerous applications in optics, including 

optical interconnects, beam-splitting, frequency conversion, image transmission, gateless 

computing, fiber optics, and soliton-based navigation.15 The majority of studies on solitons from 

the past five decades has evolved with the exploration of solitons in a variety of materials, with 

both experimental and theoretical work corroborating the fundamental nature of solitons while 

also leading to the discovery of new properties of soliton interactions.16 The ultimate goal of 

such studies is applicability of the different nonlinear materials for optical interconnects with 

unique loss-minimized and energy efficient waveguiding. 

However, to date, very few, if any, nonlinear materials have exhibited reversibility in the 

self-trapping of light. Due to the reversible photo-activation of spiropyran, hydrogels modified 

with spiropyran should be able to reversibly self-trap light after given time to relax to its 

original state. Reversibility in self-trapping would impart unique re-writability for the 

applications given above. Importantly, reversible self-trapping of light would allow for more 
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precise regulation of optical interactions and information transmission in the various 

applications, in which time can be used as a handle of control through the kinetics of excitation 

and relaxation of spiropyran in the hydrogel. Such dynamic phenomena are explored here. 

This work was done in close collaboration with Professor Kalaichelvi Saravanamuttu’s 

research group in McMaster University, ON, Canada. Dr. Liqun Qiu, Andy Tran, and Derek 

Morim have conducted extensive work measuring the self-trapping of laser light in spiropyran-

modified hydrogels under varying conditions with the set-up established in their lab. I 

synthesized and provided the spiropyran-modified hydrogels tested, with crucial help from Andy 

Tran in the optimization of sample preparation for self-trapping measurements. Derek Morim 

measured the kinetics of spiropyran isomerization upon light irradiation by measuring the 

change in absorbance on thin film hydrogel samples I provided. I measured the volume change 

of the spiropyran-modified hydrogels in response to light irradiation and changes in solution 

conditions. Additionally, Andy Tran and I conducted FRAP measurements during his Co-op term 

in the Aizenberg lab. 

 

Sample Preparation for Measuring the Propagation of Laser Light  

Self-trapping of a continuous wave Gaussian laser beam as it propagates through the 

hydrogel was measured by focusing the laser beam onto the entrance face of the hydrogel 

sample with beam radius of ~20 µm (Fig. 4.1). After propagation through the sample, the laser 

beam profile at the exit face of the sample was imaged by a pair of planoconvex lenses onto a 

CCD after appropriate attenuation by neutral density filters in order to avoid saturation of the 

CCD. The change in beam intensity and diameter at the exit face was measured over time in 
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order to determine self-trapping behavior- an increase in relative beam intensity and a 

simultaneous decrease in beam width is indicative of self-focusing that is counteracting natural 

broadening of the beam. A beam is considered to be fully self-trapped when the beam width at 

the exit face of the sample approaches the beam width at the entrance face, 20 µm.   

 

 

Figure 4.1 Optical assembly set-up. Simplified schematic of the experimental set-up used for measuring 

the self-trapping of a Gaussian cw laser beam propagating through the hydrogel sample. 

 

In order to accurately monitor changes in the laser beam diameter as it propagates 

through the hydrogel sample, the hydrogel had to be several orders thicker than the Rayleigh 

length defined by the green laser (532 nm) used. The Rayleigh length, equal to πwo
2/λ in which 

wo is the beam radius at its waist and λ is the wavelength of the light beam, describes the 

length scale of divergence for the Gaussian beam. At lengths greater than the Rayleigh range of 

the laser light, the beam diverges at a constant angle. Therefore, ideal sample thickness for the 

measurement of beam divergence was at least 3 mm, or 5 times thicker than the Rayleigh 

range, calculated to be 0.6 mm for the green laser used. In addition, the sample must exhibit 

minimal scattering under normal, swollen conditions and provide for smooth surfaces such that 

the laser beam profile measured at the exit face of the sample maintains a perceptible Gaussian 
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profile. This was achieved for the hydrogel by curing the prepolymer solution between two 

glass slides separated by a plastic spacer of the desired thickness (≥ 3 mm) as shown in Fig. 4.2.  

 

 

Figure 4.2. Hydrogel sample preparation. Spiropyran-modified hydrogel was prepared by dispensing 

prepolymer solution between two glass slides and thermally curing over time, after which the hydrogel 

was washed and swollen in aqueous solution. 

 

The curing rate and monomer composition (20% w/v acrylamide and 20% w/v acrylic 

acid, 2% w/v N-N’-methylenebis(acrylamide) crosslinker, 2% w/v ammonium persulfate initiator 

in 4:1 DMSO:deionized water) were sufficient to generate a transparent hydrogel with minimal 

scattering upon swelling in aqueous solution. In contrast, other types of monomer 

compositions tested generated less transparent hydrogels that scattered more light (Fig. 4.3) 

when immersed in aqueous solutions. For example, a hydrogel consisting of methyl 

methacrylate, a monomer more hydrophobic than acrylic acid, thermally cured in the same way 

produced a highly scattering hydrogel (Fig. 4.3a). Polymerizing various hydrogel compositions 

showed that increasing the relative amounts of hydrophilic monomer tended to produce more 

transparent hydrogels at around 1.5-2.0% w/v of crosslinker (Fig. 4.3 and Table 4.1).  
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Figure 4.3. Transparency of hydrogels with different monomer compositions. a) p(Acrylamide-co-Methyl 

methacrylate); b) p(Acrylamide-co-Hydroxyethyl methacrylate); c) p(Acrylamide-co-Dimethylacrylamide)  

 

 

Table 4.1 Transparency of different hydrogel compositions synthesized. Transparency of the cured 

hydrogels were defined as those for which material was legible as viewed through the sample as in Fig. 

4.3 b and c. [AAm = Acrylamide; AAc = Acrylic acid; MMA = Methyl methacrylate; DMAEMA = N,N-

Dimethylaminoethyl methacrylate; HEMA = Hydroxyethyl methacrylate] 
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Scheme 4.1. Photo-isomerizable spiropyran grafted onto p(AAm-co-AAc) hydrogel. 

 

We chose to test self-trapping of light in the pH-responsive p(AAm-co-AAc) hydrogel 

because its volume change is largely driven by changes in the charged, hydrophilic nature of the 

polymer. By grafting spiropyran onto the p(AAm-co-AAc) hydrogel (Scheme 4.1), which exhibits 

a decrease in swelling ratio with a decrease in the pH of its surroundings (Fig. 4.4), we 

hypothesized that propagation of visible light through the hydrogel would locally isomerize 

spiropyran from its hydrophilic, charged ring-open form (McH+) to its hydrophobic, uncharged 

ring-closed form (SP) (shown in the shift in absorbance peak from 420 nm towards the UV for 

spiropyran in prepolymer solution upon irradiation with white light in Fig. 4.5), which, along 

with the release of a proton, would directly and locally affect the swelling of the pH-responsive 

gel around it, causing local contraction. Photoactuation of a spiropyran-modified p(AAm-co-

AAc) hydrogel was indeed observed under an optical microscope (Leica DMRX) by irradiating 

the thin film hydrogel immersed in deionized water with green light passed through a filter 

cube (BP 515-560 nm) for a period of 6 min (Fig. 4.6). While a small volume change of around 

10-20 µm was apparent with green light irradiation of the spiropyran-modified hydrogel (Fig. 
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4.6a), no volume change was apparent in the control p(AAm-co-AAc) hydrogel that did not 

contain spiropyran (Fig. 4.6b). Irradiation with a laser beam with higher power would lead to 

faster kinetics of local hydrogel contraction (on the scale of <20 µm) than that seen under an 

optical microscope. We anticipated such molecularly driven changes could generate sufficient 

local refractive index changes to allow for the self-trapping of visible light propagating through 

the sample. Furthermore, we anticipated that the reversibility of both spiropyran isomerization 

and hydrogel volume change would uniquely allow for reversible self-trapping of light in the 

material, a phenomenon not seen before. Laser light at 532 nm was used in the self-trapping 

experiments, which helped to minimize losses in the system that would arise from significant 

absorption by the spiropyran dye, while still allowing for photo-isomerization to occur. 

 

 

Figure 4.4. Swelling ratio of spiropyran-modified p(AAm-co-AAc) hydrogel immersed in solutions 

buffered at different pH. Error bar represents standard deviation, n = 5. 
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Figure 4.5. Reversible photoisomerization of spiropyran in solution. Absorbance spectra of a prepolymer 

solution of spiropyran acrylate with acrylamide and acrylic acid diluted in pH 5.5 buffer solution and 

irradiated with white light for one minute. Before irradiation with light, spiropyran is mainly in the 

protonated ring-open form (McH+, abs 420 nm); after irradiation with white light, spiropyran isomerizes 

from the ring-open form to the ring-closed form, corresponding to a shift in the absorbance peak from 

420 nm towards shorter wavelengths in the UV; relaxation in the dark restores the original absorbance 

spectrum and ring-open form (420 nm). 
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Figure 4.6. Photoactuation of p(AAm-co-AAc) hydrogel. Optical microscope images of photoactuation of 

p(AAm-co-AAc) hydrogels irradiated with ~0.19 mW green light over 6 min- a) spiropyran-modified 

hydrogel and b) unmodified control hydrogel. 

 

Reversible Self-trapping of Light in Spiropyran-modified p(AAm-co-AAc) Hydrogels 

Indeed, propagation of a laser beam through a spiropyran-modified p(AAm-co-AAc) 

hydrogel immersed in deionized water exhibited efficient self-trapping behavior, as seen in Fig. 

4.7, apparent in the changes of the beam profile monitored at the exit face (after propagation 

through a 3-4 mm thick hydrogel)- a concurrent decrease in the effective beam width and 

increase in the relative peak intensity is indicative of a laser beam that is narrowing rather than 

diffracting. Furthermore, it is evident from Fig. 4.7 that complete self-trapping of the laser 

beam is obtained- the minimum beam width reached at the exit face, ~23 µm, is close to that of 

the laser beam width at the entrance face before propagation through the sample, ~20 µm, 

indicating that self-focusing counteracts diffraction to produce an unchanging self-trapped 

beam propagating through the hydrogel.  
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Figure 4.7. Self-trapping in spiropyran-modified pH-responsive p(AAm-co-AAc) hydrogel. Sample is 

irradiated with a laser at 6.0 mW- (top) Relative beam intensity (blue) and effective beam width (red) of 

the laser beam at the exit face of the hydrogel sample over time, with (bottom) corresponding 2D beam 

profiles at the exit face at the marked time points on the graph above. 

 

 In contrast, irradiation of a control p(AAm-co-AAc) hydrogel containing no spiropyran 

with the same laser beam did not exhibit self-trapping behavior (Fig. 4.8)- the effective beam 

width and relative peak intensity of the laser beam at the exit face of the hydrogel did not 

change over time. This shows that the polymerized p(AAm-co-AAc) hydrogel itself does not 

have sufficient nonlinear interaction with the laser beam to cause self-trapping. Importantly, 

spiropyran incorporation within the hydrogel is crucial for the nonlinear optics.  
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Figure 4.8. Beam irradiation in control p(AAm-co-AAc) hydrogel. Relative beam intensity (blue) and 

effective beam width (red) of the laser beam at the exit face of the hydrogel sample over time in control 

pH-responsive p(AAm-co-AAc) hydrogel containing no spiropyran, irradiated with a laser at 9.0 mW. 

 

 Changes in the nonlinear component of the refractive index of a saturable medium are 

intensity dependent. Therefore, we expect the extent of self-trapping to be intensity-

dependent, occurring to a greater degree as the power of the light beam is increased. Figure 

4.9 shows that as the optical power is increased from 0.4 mW – 9.0 mW the efficiency of self-

trapping increases as evidenced by the sharper decrease in beam width and increase in relative 

intensity of the beam profile at the exit face of the sample. Furthermore, both the minimum 

beam width and the time to reach the minimum beam width decreases as the laser power 

increases. This suggests that a different photostationary state is reached at different laser 

powers- the isomerization of spiropyran is intensity-dependent, such that at lower laser 

powers, less spiropyran is isomerized to the ring-closed form and there is less of an effect on 

the surrounding hydrogel. This leads to a smaller gradient in refractive index and the laser 

beam does not fully self-trap. As the power of the laser increases, more spiropyran isomerizes, 
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creating a larger impact on the surrounding hydrogel and allowing for a more self-trapped 

beam. Interestingly, upon continuous irradiation there is a reduction in self-trapping behavior 

that is proportional to the amount of self-trapping achieved initially. This suggests the 

occurrence of a defocusing event, likely due to network relaxation or reconfiguration of the 

hydrogel that is under continuous strain maintaining a slightly contracted state out of 

equilibrium; as self-trapping efficiency increases at higher laser power, the resulting increase in 

hydrogel contraction and local hydrophobicity could lead to subsequent scattering, making the 

resulting defocusing more efficient. From this experiment, it was found that the most efficient 

self-trapping occurred at an optical power of 6.0 mW, in which the beam width decreased to 23 

µm, close to that of the beam radius at the entrance face (20 µm). Even higher laser powers 

(9.0 mW) exhibited less efficient self-trapping, likely due to some damage to the hydrogel 

and/or tethered spiropyran moieties, resulting in scattering and a decrease in the focusing 

nonlinear response.  
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Figure 4.9. Effect of laser power on self-trapping behavior. Relative peak intensity (blue) and effective 

beam width (red) are plotted over time for propagation through a spiropyran-modified p(AAm-co-AAc) 

hydrogel of the 532 nm laser beam at powers of a) 0.4 mW, b) 0.7 mW, c) 1.5 mW, d) 3.0 mW, e) 6.0 

mW, and f) 9.0 mW. Minimum beam width is achieved at 6.0 mW. 

 

In order to test the reversible nature of self-trapping in the spiropyran-modified p(AAm-

co-AAc) hydrogel, the laser beam was propagated through the sample at 6.0 mW and then 

turned off, allowing the sample to relax in the dark for some time. The laser was then re-
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irradiated through the same spot of the sample. The laser beam profile at the exit face was 

monitored throughout the experiment and it was found that, without moving the sample, the 

self-trapping behavior was reversible and could be induced multiple times through the same 

spot (100s of times), representative in Fig. 4.10. Importantly, after given time to relax in the 

dark, here ~ 150 seconds in the dark after irradiation for ~7 seconds, the sample reverted back 

to pre-irradiation conditions and the relative peak intensity and effective beam width assumed 

original values before undergoing self-trapping again. Additionally, the efficiency of self-

trapping was well maintained even after many self-trapping events through the same spot, 

proving it to be a robust, dynamic system.  

 

 

Figure 4.10. Reversible self-trapping of light in spiropyran-modified p(AAm-co-AAc) hydrogel. 

Reversibility in self-trapping is indicated by multiple self-trapping events through a single spot in the 

sample involving an increase in relative peak intensity (blue) and a decrease in effective beam width 

(red) that are separated by periods of darkness to allow for the sample to relax towards original 

conditions. 
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The kinetics of isomerization and relaxation of the system was probed a bit further by 

measuring the change in peak intensity of spiropyran ring-open form in absorbance spectra of 

spiropyran tethered to the p(AAm-co-AAc) hydrogel when irradiated with visible light. Fig. 4.11 

shows these results for a thin film hydrogel sample continuously irradiated with white light and 

subsequently allowed to relax in the dark. Isomerization is generally faster than relaxation of 

the molecule, and is apparent in the results (Fig. 4.11). However, isomerization kinetics 

depends on the intensity of the light used and proceeds much faster with the higher intensities 

associated with the laser beam in self-trapping measurements (<<10 s). Additionally, relaxation 

would likely occur faster when a higher power laser beam is used since a larger ratio of ring-

closed spiropyran to ring-open merocyanine would be formed with a higher power laser beam - 

with a larger concentration of ring-closed spiropyran units far from equilibrium, the rate of 

isomerization back to the ring-open form would be faster. Furthermore, if not all of the 

spiropyran molecules are isomerized during the irradiation process, i.e., the laser beam is 

turned off before saturation is reached, then self-trapping can still be induced in the same spot 

by activating other spiropyran molecules in the beam path before all of the previously photo-

isomerized spiropyran recover its original form. Recovery of photo-isomerized spiropyran in the 

hydrogel is further explored below. 
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Figure 4.11. In situ absorbance spectra of spiropyran-modified p(AAm-co-AAc) hydrogel. Change in 

spectra upon a) irradiation with weak white light and b) subsequent relaxation of spiropyran in the dark. 

 

Determining the Important Factors for Efficient Self-trapping in the Dynamic System 

A. Effect of a hydrogel matrix on the self-trapping behavior 

 Reversible self-trapping of a laser beam through a p(AAm-co-AAc) hydrogel to which 

spiropyran is tethered was successfully shown. Since the system is a close integration of two 

dynamic moieties that affect one another, the importance of each component and how well 

they are integrated on the ability to generate efficient nonlinear behavior was investigated 

further by various experiments. In particular, the effect of the hydrogel network and 

localization of spiropyran within a hydrogel matrix on the efficiency of self-trapping was tested. 

A laser beam was propagated in a control system consisting of untethered spiropyran free-

floating in prepolymer solution of similar volume to that of a typical polymerized hydrogel 

sample. As seen in Fig. 4.12, light propagating through this system showed very weak nonlinear 

behavior and inefficient self-trapping on a time scale significantly longer than that seen in the 

spiropyran-modified p(AAm-co-AAc) hydrogel. Furthermore, the minimum effective beam 

width did not approach that of a completely self-trapped beam (~20 µm). This suggests that 
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more efficient self-trapping requires some localization of spiropyran in a hydrogel to allow for 

sharper changes in refractive index along the beam’s path. Here, spiropyran is free to diffuse in 

solution (fluorescence recovery by photobleach measurements described below estimate D ≅ 1 

x 10-7 cm2/s), capable of diffusing a distance of 20 µm in ~10 seconds. Because of the diffusivity 

of the system, there is likely some contribution to the observed self-trapping by diffusion and 

accumulation of spiropyran molecules in the laser beam path that could be abetted by a slight 

increase in the local temperature from the laser beam upon constant irradiation over a longer 

period of time, increasing the local refractive index to an extent. 

 

 

Figure 4.12. Self-trapping in solution containing free-floating spiropyran. Relative peak intensity (blue) 

and effective beam width (red) over time in DMSO:DI water solution containing free-floating untethered 

spiropyran (laser power 6.0 mW), suggesting there is some nonlinear component in the interaction of 

the light beam with free-floating spiropyran in solution over a longer time scale.  
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B. Effect of tethering spiropyran to the hydrogel on the self-trapping behavior 

 The importance of tethering spiropyran to the hydrogel matrix was tested next by 

propagating the laser beam through a sample of polymerized p(AAm-co-AAc) hydrogel in which 

untethered spiropyran is dispersed. In this sample (Fig. 4.13), the relative peak intensity 

increased steadily and the effective beam width decreased on a significantly faster time scale 

than that for spiropyran untethered in solution (Fig. 4.12). This suggests that constricting 

spiropyran mobility within a hydrogel matrix (see discussion under “FRAP studies for the 

characterization of the mobility of untethered spiropyran in the hydrogel” below) improves the 

initial self-trapping behavior- isomerization of the relatively less mobile fraction of spiropyran in 

the beam path can affect the local swelling nature of the hydrogel to an extent. However, at 6.0 

mW laser power, the minimum effective beam width at the exit face of the hydrogel is far 

larger than that reached by a completely self-trapped beam (~20 µm). Because spiropyran is 

diffusive in the hydrogel, capable of moving in and out of the laser beam path and affecting the 

hydrogel further from the beam path, the resulting gradient in refractive index is not as sharp. 

This further emphasizes the requirement of tethering spiropyran to the hydrogel for the most 

efficient self-trapping behavior, in which fully self-trapped beams are generated at lower laser 

powers, making it useful for more energy-efficient applications. 
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Figure 4.13. Self-trapping in p(AAm-co-AAc) hydrogel containing free-floating spiropyran. Relative peak 

intensity (blue) and effective beam width (red) over time in pH-responsive p(AAm-co-AAc) hydrogel 

containing free-floating untethered spiropyran (laser power 6.0 mW). Constricting the mobility of 

untethered spiropyran in a gel matrix, in contrast to solution, improves its self-trapping capability and 

efficiency, yet it still is not as efficient as spiropyran tethered to the p(AAm-co-AAc) hydrogel.  

 

 Having observed some self-focusing behavior in the p(AAm-co-AAc) hydrogel containing 

untethered spiropyran, the ability to show reversible beam narrowing that is associated with 

self-focusing was tested next in the system. Indeed, beam narrowing can be repeatedly 

initiated in the same spot (Fig. 4.14), exhibiting reversibility, however with less efficiency than 

the system consisting of spiropyran tethered to the p(AAm-co-AAc) hydrogel. Interestingly, at 

subsequent irradiations there appears to be larger amounts of peak intensity increase while the 

extent of beam width decrease does not change as dramatically. While the minimum beam 

width reached is limited by the hydrogel response, which is affected by the diffusive spiropyran, 

the simultaneous increase in the peak intensities reached can be brought about by less 
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scattering points or less absorption by the dye in the beam path over a longer period of time. 

Although the origins of this phenomenon are still unclear, this trend could also in part be due to 

incomplete relaxation of the system to original conditions for subsequent irradiations.  

 

 

Figure 4.14. Reversible self-trapping in p(AAm-co-AAc) hydrogel containing free-floating spiropyran. 

Relative peak intensity (blue) and effective beam width (red) over time in pH-responsive p(AAm-co-AAc) 

hydrogel containing free-floating untethered spiropyran (laser power 6.0 mW) shows some reversibility, 

but not as efficiently as that for spiropyran tethered to the p(AAm-co-AAc) hydrogel. 

 

C. Effect of hydrogel volume change on the self-trapping behavior 

 Having established the requirement of tethering spiropyran to the hydrogel backbone 

for efficient self-trapping behavior, we wanted to next determine if a local volume change 

driven by changes in the charged nature of the pH-responsive hydrogel indeed contributes to 

the observed self-trapping behavior. Therefore, we sought to tether spiropyran to a hydrogel of 

a different composition that does not exhibit pH-responsive volume change. In order to test its 

self-trapping capabilities we required a hydrogel that was transparent at the same crosslinker 
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concentration used in the p(AAm-co-AAc) hydrogels, as determined above (Fig. 4.3 and Table 

4.1). Thus, we tethered spiropyran to the p(AAm-co-HEMA) hydrogel (Scheme 4.2) at the same 

concentration as that used in the p(AAm-co-AAc) hydrogel.  

 

 

Scheme 4.2. Photo-isomerizable spiropyran grafted onto p(AAm-co-HEMA) hydrogel. 

 

The p(AAm-co-HEMA) hydrogels were made in the same mold as the p(AAm-co-AAc) 

hydrogels and thus were of similar hydrated volume to the p(AAm-co-AAc) hydrogels used for 

self-trapping measurements. Importantly, although the spiropyran-modified p(AAm-co-HEMA) 

hydrogel also exhibited the protonated ring-open form of spiropyran in aqueous solution (4.15), 

the gel showed no significant volume change in the pH rang tested (Fig. 4.16). Therefore, light-

induced isomerization of spiropyran from its protonated ring-open form to the ring-closed form 

with a release of a proton could not significantly affect the local swelling of the hydrogel. 

Additionally, the concurrent decrease in hydrophilicity by isomerization of the protonated ring-

open spiropyran to the ring-closed form would not cause as dramatic a volume change either, 

as evidenced by the relatively small difference in swelling ratios between the control p(AAm-co-
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HEMA) hydrogel containing no spiropyran (Fig. 4.16, purple curve) and the spiropyran-modified 

p(AAm-co-HEMA) hydrogel (Fig. 4.16, pink curve), which is made slightly more hydrophilic and 

swollen by the presence of charged ring-open units of spiropyran in the hydrogel. 

 

 

Figure 4.15. Absorbance spectrum of spiropyran-modified p(AAm-co-HEMA) hydrogel in aqueous 

solution. Absorbance peak at 420 nm denotes protonated ring-open form of spiropyran (McH+). 

 

 

Figure 4.16. Swelling ratio of p(AAm-co-HEMA) hydrogels. Spiropyran-modified p(AAm-co-HEMA) 

hydrogel (pink curve) is immersed in solutions buffered at different pH along with that of control p(AAm-

co-HEMA) hydrogel containing no spiropyran (purple curve). There is no significant volume change over 

the pH range tested. Error bar represents standard deviation, n = 6.   
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 In order to determine if the photo-isomerization of spiropyran was affected by its 

tethering to the p(AAm-co-HEMA) hydrogel in contrast to the p(AAm-co-AAc) hydrogel, the 

isomerization kinetics of spiropyran in both hydrogels were compared. The isomerization 

kinetics of spiropyran attached to the p(AAm-co-HEMA) hydrogel and p(AAm-co-AAc) hydrogel 

was measured as described above, by taking the absorption spectra of a thin film hydrogel 

sample while irradiating it with white light over time (Fig 4.11). The subsequent decrease in 

peak at 420 nm (indicating the ring-open form) over time was linearized according to Tork, et 

al.17 and the slope of the resulting lines estimated as the rate constant of isomerization in the 

hydrogel (Fig. 4.17). From these results, it was found that the isomerization kinetics of 

spiropyran attached to the p(AAm-co-HEMA) hydrogel was comparable to that of spiropyran 

attached to the p(AAm-co-AAc) hydrogel (Table 4.2).  

 

 

Figure 4.17. Linearization of absorbance change upon irradiation of spiropyran-modified p(AAm-co-AAc) 

hydrogel with white light. The decrease in absorbance at 420 nm over time was linearized according to 

Tork et al.17 and the slope compared to the kinetics in spiropyran-modified p(AAm-co-HEMA) hydrogels 

measured in a similar way. 

 



 144 

 

Table 4.2. Average rate constants of photo-isomerization of spiropyran in hydrogel. Rates are shown for 

photoisomerization of spiropyran to the ring-closed form when tethered to the p(AAm-co-AAc) hydrogel 

and p(AAm-co-HEMA) hydrogel, n = 2-6. 

 

 

Figure 4.18. Self-trapping behavior in spiropyran-modified p(AAm-co-HEMA) hydrogel. Relative peak 

intensity (blue) and beam width (red) over time in non-pH-responsive p(AAm-co-HEMA) hydrogel at a) 

low laser power, 0.4 mW, and b) higher laser power, 6.0 mW. 

 

 By propagating a laser beam through the spiropyran-modified p(AAm-co-HEMA) 

hydrogel immersed in deionized water, we observed no significant self-trapping behavior (Fig. 

4.18). Although at low laser power a very small amount of interaction with light is faintly 

apparent within the first 10 seconds of laser irradiation (Fig. 4.16a), when irradiated with a laser 

beam at 6.0 mW (Fig. 4.16b), the opposite effect occurs- there is an increase in beam width and 

decrease in relative peak intensity over time. This seems to indicate that instead of self-

trapping, increased scattering is causing the laser beam to become more diffuse over time. This 

could be occurring because photo-induced isomerization of spiropyran creates more 
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hydrophobic units within the p(AAm-co-HEMA) hydrogel that is already slightly more 

hydrophobic than the p(AAm-co-AAc) hydrogel (the p(AAm-co-HEMA) hydrogel is not a 

polyelectrolyte in the conditions tested). This can lead to network reconfiguration and phase 

separation in the absence of a significant local volume change within the hydrogel, causing 

increased scattering. While interaction of hydrophobic units is also possible in the p(AAm-co-

AAc) hydrogel, the hydrogel undergoes a more dramatic volume change due to the larger 

change in hydrophilicity (from charged to a less charged) that predominantly contributes to the 

self-trapping initially, although continuous irradiation can lead to a subsequent decrease in the 

self-trapping behavior, likely due in part to increased scattering as discussed above (Fig. 4.9).  

Together, these studies strongly suggest that there are two important components 

necessary for efficient, reversible self-trapping of light to occur in spiropyran-modified 

hydrogels- 1) tethering of spiropyran to the hydrogel allows for complete self-trapping of the 

laser beam to be achieved at lower laser powers and 2) tethering of spiropyran to a pH-

responsive volume changing hydrogel is important for self-trapping to occur predominantly 

over scattering. A combination of spiropyran photoisomerization along with a local volume 

change in the hydrogel appears to be involved in the self-trapping mechanism. Because both 

the isomerization of spiropyran and the volume change of the hydrogel are reversible, the self-

trapping behavior of the overall system is also reversible, a phenomenon shown for the first 

time here.  
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FRAP Studies for the Characterization of the Mobility of Untethered Spiropyran in the Hydrogel 

 In order to probe the diffusion and mobility of spiropyran untethered in the hydrogel, 

Fluorescence Recovery after Photobleach (FRAP) studies were carried out under a confocal 

microscope on thin hydrogel samples. This study relied on the fluorescence of the ring-open 

form of spiropyran, which allowed the hydrogels containing spiropyran to fluoresce in the 

visible region. In contrast, control p(AAm-co-AAc) hydrogels that contained no spiropyran 

showed no fluorescent signal.  

 Intense visible laser light from the confocal microscope was briefly irradiated onto a 

small area of the hydrogel sample (indicated by the red circle in Fig. 4.19), bleaching spiropyran 

fluorescence in that area (Fig. 4.19a). After the intense visible light was turned off, recovery of 

the fluorescence by diffusion of the surrounding untethered spiropyran molecules into the area 

was measured over time to generate a fluorescence recovery curve. Interestingly, when intense 

UV light at 405 nm was irradiated on an area of the hydrogel containing spiropyran, the 

fluorescence instead increased (Fig. 4.19b), signifying the UV-induced isomerization from the 

ring-closed form of spiropyran to the fluorescent ring-open form.  
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Figure 4.19. Confocal microscope images of p(AAm-co-AAc) hydrogel containing spiropyran. Images 

showing the effect on the fluorescence of p(AAm-co-AAc) hydrogel containing spiropyran when the area 

within the red circle is irradiated with top- visible light (488 nm); or bottom- UV light (405 nm).  

 

 

Figure 4.20. FRAP curves. Representative normalized fluorescence recovery curves after photobleaching 

of different systems containing spiropyran.  
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 To probe the diffusivity and mobility of spiropyran in the different systems, the 

fluorescence recovery of spiropyran in prepolymer solution was compared to that of spiropyran 

dispersed untethered in the p(AAm-co-AAc) hydrogel and spiropyran tethered to the p(AAm-co-

AAc) hydrogel (Fig. 4.20). It is evident that, indeed, the fastest recovery occurs for spiropyran in 

solution (green curve), while that of spiropyran untethered in the hydrogel (blue curve) is faster 

than that of spiropyran tethered to the hydrogel (red curve). Since there is little if any diffusive 

component in the hydrogel to which spiropyran is tethered, the fluorescence recovery 

observed is most likely the thermal isomerization of spiropyran back to the ring-open form after 

irradiation with intense visible light isomerized most of the ring-open form to the ring-closed 

form. This suggests that there are two processes occurring in the fluorescence recovery- 1) 

diffusion of spiropyran into the bleached area, and 2) thermal isomerization of spiropyran back 

to the ring-open form. We expect spiropyran tethered to the hydrogel to be comprised mainly 

of the second process while the untethered systems would contain both processes.  

In order to investigate these contributions, the fluorescence recovery curves were fitted 

to single and bi-exponential curves (of the form y = yo + Aexp(-invTau•t) and y = yo + A1exp(-

invTau1•t) + A2exp(-invTau2•t)) in order to extract two different time constants that would 

describe the two processes (Table 4.3). While single-exponential fitted tau values decreased for 

decreasing mobility of the spiropyran in the systems, the tau value of spiropyran tethered to 

the hydrogel, ~0.01 s-1, was found in the other more diffuse systems when they were fit with a 

double exponential (bold values in Table 4.3). This value likely represents the isomerization 

kinetics of spiropyran back to the ring-open form in each of the systems after the intense visible 

light is turned off. The second tau value of the double exponential fit likely represents the 
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diffusivity of spiropyran in the system (measured invTau2). From these values, it is apparent 

that although the diffusivity is similar for untethered spiropyran in solution and in the hydrogel, 

the mobile fraction of spiropyran molecules is quite different between these two systems. This 

can be seen by the grey line in Fig. 4.20 that signifies the immobile fraction of spiropyran 

untethered in hydrogel that contain some molecules that are fully bleached. Interaction of the 

spiropyran with the hydrogel network may lead to immobile fractions, influencing its measured 

recovery, whereas in solution there is more fluidity of all components and thus more recovery. 

For spiropyran tethered to the hydrogel in which most of the spirpoyran is immobilized by 

covalent attachment, full photobleach of some of the spiropyran molecules by the intense 

irradiation of light could similarly account for less fluorescent recovery over a longer time 

(plateaus at lower fluorescence). Since fluorescence did not fully recover in the hydrogel 

systems over the time the experiment was conducted, the diffusion coefficients that are 

extracted from the fitted curve should be taken as rough estimates. 

 

 

Table 4.3. Average time constants extracted from FRAP curves in systems containing spiropyran. 

Tabulated values are from single and bi-exponential fits of the fluorescence recovery curves of each of 

the systems. Error represents standard deviation, n = 3-6. 
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 The differences in spiropyran mobility between each of the systems help to explain the 

self-trapping efficiencies observed above- the presence of immobile spiropyran within a 

hydrogel matrix leads to sharper refractive index gradients and an increase in self-trapping 

efficiency over that in solution. 

 

Conclusion 

 We have shown here for the first time the phenomenon of reversible self-trapping of 

laser light in a dynamic system consisting of spiropyran tethered to the pH-responsive p(AAm-

co-AAc) hydrogel. By probing the self-trapping behavior in control systems containing 

spiropyran (spiropyran free-floating in solution, and spiropyran dispersed untethered in the 

hydrogel), it was found that localization of spiropyran by tethering to the hydrogel backbone 

leads to the most efficient and robust reversible self-trapping behavior. The mobility of 

spiropyran in each of these systems was further explored using FRAP, the data of which 

suggested multiple processes occurring in the systems- isomerization and diffusion. The study 

also showed that the mobile fraction of spiropyran was different in each system, which could 

help explain the observed efficiencies in self-trapping behavior in each system. Importantly, by 

testing the self-trapping behavior of spiropyran tethered to another hydrogel system, p(AAm-

co-HEMA), which does not exhibit drastic volume changes with solution pH, it was found that 

tethering spiropyran to a responsive, volume-changing hydrogel driven by changes in its 

charged nature, such as the p(AAm-co-AAc) hydrogel, produces the most efficient beam 

narrowing associated with self-trapping, while only beam broadening was observed in the 

spiropyran-modified p(AAm-co-HEMA) hydrogel.  
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Reversibility in the self-trapping is brought about by the integration of two dynamically 

responsive components- the photo-isomerizable spiropyran molecule and a pH-responsive 

hydrogel, each of which work together to produce effective local gradients in the refractive 

index upon laser beam propagation. Due to the reversibility of each component, self-trapping 

of the laser could be induced several times through the same spot when the system was 

allowed to relax in the dark. This opens up the system for many applications in dynamic optics, 

from re-writable optical interconnects to probing the mechanical integrity of hydrogel 

networks, a concept which will be explored further in the next chapter. 

 

Future Directions 

 There is large scope for applications with this system, in which the concept of self-

trapping of light by spiropyran-driven volume change in the hydrogel network can be extended 

to other volume-changing hydrogels such as those containing DMAEMA that would exhibit 

different mechanical or swelling properties than that of p(AAm-co-AAc) hydrogel. From this, 

multiple spiropyran-modified gels can be combined in order to develop a more complex “soft 

circuit” with the ability to rewrite waveguides of slightly different hydrogel contractions, 

enabling more information to be stored or transferred in the device according to the possible 

combinations.  

 In addition to changing the hydrogel network, modifying the spiropyran molecule itself 

can lead to interesting and fruitful investigations on the effect of molecular chemistry on the 

self-trapping phenomenon. For example, instead of singly tethering spiropyran to the hydrogel 

network, doubly tethering the molecule to the network as a crosslinker could lead to 
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interesting dynamic responses of the system to laser light propagation. Photo-isomerization of 

a doubly tethered spiropyran could lead to a larger degree of hydrogel contraction and thus 

faster self-trapping kinetics than the system consisting of singly tethered spiropyran. 

 In a similar vein, altering the crosslinking density of the hydrogel could also be tested for 

its effect on the self-trapping behavior. Lower crosslinking densities might lead to a less 

effective concentration of spiropyran within the laser beam path and thus generate less 

efficient self-trapping; however at much higher crosslinking densities, further contraction of the 

hydrogel might lead to increased scattering events rather than self-trapping. 

  

Materials and Methods 

Chemicals: Acrylamide, acrylic acid, N,N’-methylene bis(acrylamide), TEMED, DMSO, 

triethylamine, tetrahydrofuran, and acryloyl chloride were all purchased from Sigma-Aldrich; 

1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was purchased from Acros 

Organics, and ammonium persulfate  was purchased from EMD Millipore (CalBioChem, 

OmniPur®) 

Synthesis of spiropyran acrylate monomer (1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-yl 

acrylate): See materials and methods of Chapter 2. 

Synthesis of hydrogels: 1:1 w/w acrylamide:acrylic acid or 1:1 w/w acrylamide:HEMA were 

dissolved in 4:1 v/v DMSO:deioinized water at 200 mg of acrylamide in 1 mL of solvent. To this 

solution, 2% w/v N,N’-methylenebis(acrylamide) was added as crosslinker. Acrylated spiropyran 

(for tethered samples) or unacrylated spiropyran, 1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-

benzopyran,2-2’-indoline), (for untethered samples) at 0.25mol% of total monomer was 
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dissolved in the prepolymer solution. Before curing, 2% w/v ammonium persulfate initiator was 

added to the solution. Upon addition of TEMED catalyst, the hydrogel prepolymer solution was 

dispensed into a circular plastic mold 4 mm thick and 14 mm in diameter sandwiched between 

two glass slides and left to cure in the dark at ambient temperature for at least 2-3 days. Cured 

hydrogel samples were then immersed in 1 mM HCl (aq) water bath for 3-4 days to remove 

excess, unreacted monomers. 

Preparation of free-flowing spiropyran solution- Hydroxyl spiropyran [1’,3’,3’-trimethyl-6-

hydroxyspiro(2H-1-benzopyran,2-2’-indoline)] (4.0 mg) was dissolved in deionized water (971 

µL) and DMSO (498 µL). The solution was filtered by an Acrodisk syringe filter (Pall Corp., 

Michigan) and stored in the dark under ambient conditions prior to measurements. 

Optical assembly for self-trapping experiments: A continuous wave, diode-pumped solid state 

laser (Verdi V5 Coherent, Inc., California) was used as the excitation source.
 

The source 

produced a beam (λ = 532 nm) with a diameter of 2.25 mm at a power of 100 mW. The beam 

was passed through a λ/2 waveplate and a polarizing beam splitter cube. The beam then passed 

through an absorption filter and was guided by two 45° elliptical mirrors onto a focusing lens (f 

= 75.6 cm). The beam focused to a diameter of 20 μm exactly onto the entrance face of a 

sample cell holder, which contained a hydrogel sample. The spatial intensity profile of the beam 

at the exit face of the sample was imaged by a pair of planoconvex lenses (f = 100 mm, f = 300 

mm) onto a charge-coupled device (CCD) camera (736 (H) x 484 (V) pixels, 4.8 μm (H) x 5.58 μm 

(V) pixel size; LaserCam IIID 1⁄4”, Coherent Inc., CA, USA). The software for this camera was 

BeamView! Analyzer, which calculated beam diameter (1/e2) and relative peak intensity. The 

effective beam diameter corresponds to the circular area of all pixels with relative intensity > 
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13.5% (1/e2) of the maximum (peak) intensity. The relative peak intensity is the ratio between 

the greatest intensity on one or more pixels in an image and the saturation intensity of the 

camera. To avoid oversaturation of the camera, a series of absorption filters on three separate 

rotatable wheels (VARM, Coherent Inc. California) was placed between the pair of planoconvex 

lenses. The imaging components were mounted onto carriers that could be moved along the 

path of beam propagation (z-axis).  

Single beam self-trapping experiments: A hydrogel or free-flowing spiropyran solution was 

placed in the sample holder. DI water was added to the sample cell holder in the case of a 

hydrogel sample. Hydrogel thickness was measured by an electronic calliper (The L.S. Starrett 

Co., Massachusetts). Samples were typically 3.63 – 3.93 mm thick and the imaging components 

were adjusted to view the beam at the exit face. The sample was then irradiated as described 

above. The output power of the source was tuned by adjusting the λ/2 waveplate and 

measured by a power meter (Coherent Inc., CA, USA) between the mirror and the focusing lens. 

For experiments measuring the reversibility of self-trapping, each self-trapping trial was 

performed at the same position on a spiropyran-functionalized or untethered spiropyran 

hydrogel sample. The sample was irradiated as described above for 10-30 s or 60 s. Laser 

irradiation was then temporarily removed by blocking the source between the mirror and the 

focusing lens. A period of dark time, ranging from 30 s to 300 s, was given before restoring laser 

irradiation by unblocking the source. This irradiation and relaxation process was repeated until 

the desired number of experiments was completed.  

Photoactuation of spiropyran-modified and unmodified p(AAm-co-AAc) hydrogel: Hydrogels 

were prepared in a manner similar to that described above, but as thin films sandwiched 
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between two glass slides glued together without a spacer. The resulting cured thin film 

hydrogel was washed in 1 mM HCl (aq) solution and cut into smaller pieces to view under the 

optical microscope. Hydrogel samples were immersed in deionized water for photoactuation 

measurements and imaged with a Leica DMRX optical microscope using a 5X objective. The 

entire hydrogel sample was irradiated with green light from a halogen light source passed 

through a filter cube (BP 515-560 nm) for a period of 6 min and imaged at 2 min intervals. 

Swelling ratio measurements: Prepolymer solutions were prepared in the same way as 

described above and deposited in an eppendorf cap (~10 mm diameter and ~0.5-1 mm thick) 

and cured at ambient temperature for 1-2 days in the dark. Cured hydrogels were washed in 0.1 

mM HCl (aq) water bath to wash away unreacted monomers. Washed hydrogels were then 

immersed in each of the 50 mM phosphate-buffered solutions of different pH. After 

equilibration in the pH buffer, the swollen mass of each hydrogel was measured after removing 

excess water with filter paper. The hydrogels were then allowed to dry in air over several days 

and their dry weight recorded. The swelling ratio for each pH buffered solution was calculated 

as SR = (mass swollen – mass dry)/mass dry.  

Confocal Microscopy FRAP experiments and analysis: Samples were prepared in a manner 

similar to those for self-trapping experiments with a sample height of 1 mm achieved by 

sandwiching the prepolymer solution between two glass slides with a 1 mm plastic spacer. The 

upright Ziess LSM 710 Confocal microscope was used to conduct FRAP measurements in which 

imaging was done at 100-210 µW at 514 nm and bleaching was done at 5.7 mW at 514 nm on a 

40 µm diameter ROI, with a 10X water immersion objective. Fluorescence emission was 

collected from 525-599 nm (where fluorescence signal was strongest, Fig. 4.S1). Resulting 
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fluorescence recovery curves were normalized to correct for acquisition bleaching effects and 

by taking pre-bleach fluorescence intensity as 1 and bleach intensity as 0 (according to Miura, 

K., 2005. Analysis of FRAP curves). Igor Pro was used to fit single- and bi- exponential curves of 

the resulting normalized FRAP data. 

 

References 
 
1. (a) Berkovic, G.; Krongauz, V.; Weiss, V., Spiropyrans and spirooxazines for memories 
and switches. Chemical reviews 2000, 100 (5), 1741-1754; (b) Klajn, R., Spiropyran-based 
dynamic materials. Chemical Society Reviews 2014, 43 (1), 148-184. 
2. Shih, M.-f.; Garrett, M. H.; Salamo, G.; Valley, G. C.; Leach, P.; Segev, M., Two-
dimensional steady-state photorefractive screening solitons. Optics letters 1996, 21 (5), 324-
326. 
3. (a) Villafranca, A. B.; Saravanamuttu, K., An experimental study of the dynamics and 
temporal evolution of self-trapped laser beams in a photopolymerizable organosiloxane. The 
Journal of Physical Chemistry C 2008, 112 (44), 17388-17396; (b) Qiu, L.; Saravanamuttu, K., 
Optical self-trapping in a photopolymer doped with Ag nanoparticles: a single-step route to 
metallodielectric cylindrical waveguides. JOSA B 2012, 29 (5), 1085-1093. 
4. Conti, C.; Peccianti, M.; Assanto, G., Observation of optical spatial solitons in a highly 
nonlocal medium. Physical review letters 2004, 92 (11), 113902. 
5. (a) Aitchison, J.; Al-hemyari, K.; Ironside, C.; Grant, R.; Sibbett, W., Observation of spatial 
solitons in AlGaAs waveguides. Electronics letters 1992, 28 (20), 1879-1880; (b) Kang, J. U.; 
Stegeman, G. I.; Villeneuve, A.; Aitchison, J. S., AlGaAs below half bandgap: a laboratory for 
spatial soliton physics. Pure and Applied Optics: Journal of the European Optical Society Part A 
1996, 5 (5), 583. 
6. Bjorkholm, J.; Ashkin, A., CW self-focusing and self-trapping of light in sodium vapor. 
Physical Review Letters 1974, 32 (4), 129. 
7. Segev, M., Optical spatial solitons. Optical and Quantum Electronics 1998, 30 (7-10), 
503-533. 
8. (a) Gatz, S.; Herrmann, J., Soliton collision and soliton fusion in dispersive materials with 
a linear and quadratic intensity depending refraction index change. Quantum Electronics, IEEE 
Journal of 1992, 28 (7), 1732-1738; (b) Snyder, A. W.; Sheppard, A., Collisions, steering, and 
guidance with spatial solitons. Optics letters 1993, 18 (7), 482-484. 
9. Andrade-Lucio, J.; Alvarado-Mendez, B.; Rojas-Laguna, R.; Ibarra-Manzano, O.; Torres-
Cisneros, M.; Jaime-Rivas, R.; Kuzin, E., Optical switching by coherent collision of spatial 
solitons. Electronics Letters 2000, 36 (16), 1. 
10. Snyder, A. W.; Mitchell, D. J., Accessible solitons. Science 1997, 276 (5318), 1538-1541. 
11. Kelley, P., Self-focusing of optical beams. Physical Review Letters 1965, 15 (26), 1005. 



 157 

12. Wilcox, J. Z.; Wilcox, T., Stability of localized plasma model in two and three dimensions. 
Physical Review Letters 1975, 34 (18), 1160. 
13. (a) Gatz, S.; Herrmann, J., Propagation of optical beams and the properties of two-
dimensional spatial solitons in media with a local saturable nonlinear refractive index. JOSA B 
1997, 14 (7), 1795-1806; (b) Weilnau, C.; Ahles, M.; Petter, J.; Trager, D.; Schroder, J.; Denz, C., 
Spatial optical (2+ 1)-dimensional scalar-and vector-solitons in saturable nonlinear media. 
Annalen der Physik 2002, 11 (8), 573-629. 
14. Stegeman, G. I.; Segev, M., Optical spatial solitons and their interactions: universality 
and diversity. Science 1999, 286 (5444), 1518-1523. 
15. (a) Kivshar, Y., Spatial solitons: Bending light at will. Nature Physics 2006, 2 (11), 729-
730; (b) Kivshar, Y. S.; Stegeman, G. I., Spatial optical solitons. Optics and Photonics News 2002, 
13 (2), 59-63. 
16. Chen, Z.; Segev, M.; Christodoulides, D. N., Optical spatial solitons: historical overview 
and recent advances. Reports on Progress in Physics 2012, 75 (8), 086401. 
17. Tork, A.; Boudreault, F.; Roberge, M.; Ritcey, A. M.; Lessard, R. A.; Galstian, T. V., 
Photochromic behavior of spiropyran in polymer matrices. Applied optics 2001, 40 (8), 1180-
1186. 
18. (a) Sugiura, S.; Szilagyi, A.; Sumaru, K.; Hattori, K.; Takagi, T.; Filipcsei, G.; Zrinyi, M.; 
Kanamori, T., On-demand microfluidic control by micropatterned light irradiation of a 
photoresponsive hydrogel sheet. Lab Chip 2009, 9 (2), 196-8; (b) Sumaru, K.; Ohi, K.; Takagi, T.; 
Kanamori, T.; Shinbo, T., Photoresponsive properties of poly(N-isopropylacrylamide) hydrogel 
partly modified with spirobenzopyran. Langmuir 2006, 22 (9), 4353-6. 
 



 158 

Chapter 5.  Determination of Nonlinear Non-locality in Spiropyran-modified Hydrogels- Two 

Beam Studies 

Does tethering spiropyran to the hydrogel generate a local nonlinearity? 

  

Introduction 

We discovered the unique phenomenon of reversible self-trapping of laser light in the 

spiropyran-modified p(AAm-co-AAc) hydrogel in the previous chapter, and here we further 

investigate its self-trapping capabilities. In particular, we probe the dynamic system by co-

propagating two parallel laser beams and measuring their interaction over time. Two beam 

interactions in nonlinear materials have been studied for its use in optical guiding and 

switching.1 Soliton collisions in nonlinear material can be used to implement logic operations 

that are governed by the beam’s change in position upon interaction with the other beam.2  

While experimental and theoretical research has shown the instability of (2+1)D solitons 

in Kerr media leading to break up and collapse of the beam3, saturable media, in which the 

nonlinear change saturates as higher intensities are reached, exhibit stable (2+1)D solitons and 

show more complex behavior ranging from soliton collisions and bending to soliton fusion, 

annihilation, and soliton spiraling.4 The main findings of such studies show that the relative 

phase as well as the beam angle and stability of the solitons critically determines their 
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interaction and the forces the solitons exert on each other.4e, 5 Due to the intensity-dependent 

nature of the nonlinearity, increased intensity in an overlapping region between two beams will 

cause a larger increase in refractive index and increased self-trapping in the center relative to 

that of the individual beams. For coherent beams, this will occur when the beams interfere 

constructively, leading to beam attraction, while destructive interference will cause repulsion.6 

These phenomena rely on phase-dependent energy transfer between co-propagating solitons 

and can find applications in multiport waveguide junctions. By introducing another plane to 

break the parallel character of the co-propagating beams, angular forces can be generated 

between the beams leading to features such as spiraling, which Buryak et al. have shown in 

strontium barium niobate crystals.4c  

Many of these studies focus on non-local systems in which the light interacting 

components that produce a nonlinear change in refractive index are carriers or are diffuse 

through the medium, involve long-range forces or comprise multiple-body interactions, 

allowing for two beams to interact at a further distance from each other.7 Materials that exhibit 

this behavior include atoms in a gas, photorefractive crystals, liquid crystals, plasma, etc., all of 

which support the long-range transport of energy or matter. In non-local systems, the relative 

phase of the solitons becomes less important in favor of soliton power in determining soliton 

interactions.7a In general, the degree of non-locality of the nonlinear entity will regulate the 

overlap of refractive index change occurring between two co-propagating, self-trapping beams 

of a given diameter, in which increased non-locality will allow for transfer and larger overlap of 

the induced refractive index changes from each beam, and hence more interaction between 

the induced waveguides. Locality, in contrast, will limit the interactions of two beams that are a 
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certain distance apart.6 Materials that exhibit a local response include Kerr-type media that 

display an instantaneous response to light through the electro-optic effect. While the non-local 

behavior of two beams would be useful for constructing more complex nonlinear networks 

through soliton interactions over larger distances7a, the locality of a system can also be useful 

for generating more instantaneous responses necessary for optical communications, as well as 

for more controlled transmission of information brought about by highly localized responses. 

The objective of this study is to determine how the degree of non-locality of 

nonlinearity in the spiropyran-modified p(AAm-co-AAc) hydrogel affects the interaction and 

dynamics of two collinear propagating beams as they self-trap within the material. This is 

primarily investigated by introducing two collinear, coherent, orthogonally-polarized laser 

beams of the same intensity into the sample and systematically altering their beam separation 

distances as described below. The intensity and beam positions at the output face are 

measured over time and analyzed for dynamic interactions such as beam attraction, repulsion, 

and energy exchange. The behavior of the co-propagating beams is compared to the self-

trapping of a single beam, studied in the previous chapter. Depending on the non-local features 

of the system and the interconnected species involved in the self-trapping behavior, it is 

expected that the more non-local components will allow for beam interactions at larger beam 

separation distances, while local components will limit the interaction to smaller beam 

separation distances. 

 This work was done in close collaboration with Professor Kalaichelvi Saravanamuttu’s 

research group in McMaster University, ON, Canada with the optical set-up established in their 



 161 

lab. Experiments were conducted and analyzed in conjunction with Derek Morim during my visit 

to their lab. 

 

Varying the Beam Separation Distance to Probe the Locality of the Dynamic System 

We utilize the same dynamic system studied in the previous chapter- a pH-responsive 

volume-changing p(AAm-co-AAc) hydrogel to which is tethered the photo-isomerizable 

spiropyran that reversibly responds to visible light irradiation (532 nm laser) by an intensity-

dependent isomerization to the ring-closed, hydrophobic spiropyran form, which concurrently 

releases a proton that is able to protonate the surrounding AAc groups. The resulting increase 

in local hydrophobicity and acidity in the laser beam path causes the surrounding hydrogel to 

contract, producing a local refractive index gradient within the hydrogel that leads to self-

trapping of the laser beam. We found in the previous chapter that a fully self-trapped beam is 

formed when spiropyran is tethered to the hydrogel. We expect that tethering of spiropyran to 

the polymer backbone would increase the system’s locality. However, while the spiropyran and 

its isomerization are localized to the polymer backbone, the proton is a locally diffusing 

component that contributes to local hydrogel contraction. Yet, due to the relatively high 

concentration of AAc groups (200:1 mole ratio AAc:SP), the proton is not expected to travel far 

before protonating and equilibrating with neighboring AAc- groups, limiting its long-range 

effects. Thus, we expect due to the locality of isomerization and hydrogel contraction, beam 

propagation would remain localized, even at low beam separation distances with little 

attraction and no fusion into a single beam.  
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Two beam co-propagation was measured in the hydrogel sample in a set-up similar to 

that described in the previous chapter, but modified to split the laser beam into two parallel 

beams (Fig. 5.1). The beam was passed through a waveplate and polarizing beam splitter cubes. 

The waveplate orientations were adjusted to obtain the desired intensity for self-trapping. The 

beam was directed by two 45° elliptical mirrors onto a planoconvex lens, which focused the 

linearly polarized beam to a width of 20 µm onto the entrance face of the hydrogel sample. The 

separation distance between the focused beams could be adjusted by using the dials on the 

beam splitter cube adjustable mounts. 

 

 

Figure 5.1. Optical assembly set-up. Image showing part of the experimental set-up that splits the 

532nm laser beam into two beams using beam splitter cubes and steered by elliptical mirrors to 

generate parallel co-propagation of the two beams through the sample. 
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By varying the beam separation distance as the beams co-propagate at essentially 

parallel paths with respect to one another through the hydrogel sample, we attempted to 

determine how the degree of locality of the nonlinear components affects the interaction of 

the beams.  The intensity and beam positions at the output face were measured over time and 

analyzed for dynamic interactions such as beam attraction, repulsion, and fusion. We 

monitored beam propagation at beam separation distances of 200 µm, 80 µm, 50 µm, and 25 

µm (Fig. 5.2). We observed that, even at low beam separation distances of 25 µm, there was 

little interaction between the co-propagating beams and no fusion into a single beam over 

time.  

 

 

Figure 5.2. Spatial beam profiles of two-beam co-propagation in spiropyran-modified p(AAm-co-AAc) 

hydrogel. Each beam has power 6.7 mW and beam separation distances are varied. Beam profiles are 

compared to propagation of a single beam (top). 
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While keeping the beam separation distance fixed at 40 µm, the power of both beams 

was increased in order to determine if increasing the self-trapping efficiency had an effect on 

the interaction of the two beams over time (Fig. 5.3). As shown in the previous chapter, 

increasing the laser power increases the extent of self-trapping and its efficiency in the 

hydrogel sample. However, as the power of the beams was increased from 5.6 mW to 8.0 mW, 

there was no significant interaction of the beams and no fusion into a single beam over time 

(Fig. 5.3). These results suggest that the system exhibits local nonlinearity in which the change 

in refractive index does not propagate far from the laser beam profile of each propagating 

beam, leading to little overlap and no fusion of the two beams over time. 

 

 

Figure 5.3. Effect of laser power on two-beam co-propagation. Co-propagation of two parallel beams in 

spiropyran-modified p(AAm-co-AAc) hydrogel over time at a beam separation distance of 40 µm for 

different laser powers of the two beams. 
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Effect of Introducing a Second Beam on the Self-trapping of the First Beam 

A very interesting phenomenon was observed during these studies which was not 

observed in other nonlinear materials tested (for example, a silane photopolymer) with a 

similar setup whereby introducing a second beam parallel to the first beam in the spiropyran-

modified hydrogel noticeably reduced the self-trapping efficiency of both beams relative to that 

of a single beam propagating through the sample (Fig. 5.4 and Fig. 5.5). The change in peak 

intensity over time for each of the two propagating beams separated by 203 µm is shown in Fig. 

5.4. Upon blocking beam 2 (intensity given by red dots), the self-trapping efficiency of beam 1 

(intensity given by blue dots) increased, as evident by its increase in intensity. When beam 2 

was re-introduced, the intensity of beam 1 decreased. This was repeated with the blocking and 

re-introduction of beam 1 and the same pattern was observed. The spatial intensity profiles of 

the beam were generated with SigmaPlot™ software and are shown for each of the time points 

noted in the graph and show the increase and decrease in self-trapping of each beam upon 

blocking and re-introduction of the other beam, respectively. This suggests that co-propagation 

of two beams reduces the resulting ∆n, a factor which can also preclude fusion of two beams, in 

which the interaction force between two solitons is directly proportional to the refractive index 

gradient induced by the solitons.4b 
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Figure 5.4. Co-propagation of two parallel beams over time at a separation distance of 203 µm. Each 

beam has power of 6.7 mW. Left- plot of individual beam intensity over time as they co-propagate: A. 

initially both beams propagate, B. beam 2 is blocked, C. beam 2 is unblocked, D. beam 1 is blocked, and 

E. beam 1 is unblocked, sequentially. Right- beam profiles rendered with SigmaPlotTM Software at the 

corresponding times marked on the graph to the left. 

 

While the decrease in self-trapping efficiency upon co-propagation of two beams was 

observed at larger beam separation distances of 203 µm (Fig. 5.4 and Fig. 5.S1), this interesting 

behavior was also observed at other beam separation distances as well, even as small as 25 µm 

(Fig. 5.5 and Fig. 5.S2). As shown in Fig. 5.5, after allowing self-trapping to occur by co-

propagating both beams through the sample, beam 2 was blocked and the subsequent increase 

in self-trapping of beam 1 was observed. After beam 1 self-trapped, beam 2 was re-introduced 

and a subsequent decrease in self-trapping of beam 1 was observed that mirrored the increase 

in self-trapping of beam 2. This sequence was repeated by blocking beam 1 after both beams 

reached a new equilibrium of self-trapping. The increase/decrease in self-trapping efficiency as 
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monitored by the relative peak intensity changes of each beam was quantitatively compared to 

each other by fitting the change in intensity to an exponential equation, y = yo + Aexp(Rox), in 

which the value of Ro was tabulated to represent the slope of the intensity curve. An example 

of the exponential fit is shown in Fig. 5.S3. Based on these values (right of Fig. 5.5), it can be 

seen that the concurrent decrease in beam 1 intensity upon re-introduction of beam 2 and the 

increase in intensity of beam 2 (and vice versa) occurs at similar rates, suggesting the events are 

related, in which the action of one beam affects the other beam. This phenomenon could occur 

through changes in hydrogel contraction associated with the self-trapping events in an 

interconnected, crosslinked system. Importantly, such observations suggest the spiropyran-

modified hydrogel system to be highly non-local. 

 

 

Figure 5.5. Co-propagation of two parallel beams over time at a separation distance of 25 µm. Each 

beam has power of 6.8 mW. Left- plot of individual beam intensity over time as they co-propagate: I. 

beam 2 is blocked, II. beam 2 is unblocked, and III. beam 1 is blocked, sequentially. Right- table of 

corresponding exponentially fitted slope values for each beam as self-trapping efficiency increases or 

decreases during beam blocking or unblocking, respectively. 
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Reduction in the self-trapping efficiency, ∆n, can occur by considering the crosslinked 

hydrogel network as an interconnected system that experiences a stress when maintained in a 

contacted state away from its equilibrium swollen state8- the stress of local contraction can 

affect the contraction in a neighboring region of the network. The initial rate of self-trapping is 

brought about by multiple molecular events, which include spiropyran isomerization to the 

ring-closed form, which can increase its hydrophobic interaction, protonation of neighboring 

AAc groups by the proton generated during spiropyran isomerization, and the formation of 

hydrogen-bonds, all of which can contribute to local hydrogel contraction involving viscoelastic 

and poroelastic network reconfiguration of the crosslinked system; when a second beam causes 

a neighboring, locally contracting event to occur, a strain results between the two contracted 

states through the interconnected crosslinked network, leading to the concurrent partial 

release in stress and limited relaxation of the originally contracted area by the opposite process 

–partial break up of the molecular interactions and subsequent decrease in hydrogel 

contraction with solvent migration and reconfiguration of the hydrogel network. In this way, 

the crosslinked hydrogel system represents a highly non-local platform.  

While it is apparent that even at 200 µm beam separation distance, co-propagation 

affects the other beam, there could be a threshold distance larger than 200 µm at which the 

self-trapping efficiency of two-beam propagation would approach that of a single beam, in 

which the event associated with the self-trapping of one beam, contraction of the hydrogel, 

would not affect the contraction from self-trapping by another beam simultaneously 

propagating much further away. However, due to the limitations of our current laser set-up, 

larger beam separation distances could not be accurately and consistently tested in the 
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samples. Instead, the impact of one beam on the other beam as self-trapping occurs can be 

tested by altering the difference in power between the two beams, i.e., while keeping the 

power of one propagating beam at a constant value, we change the power of the co-

propagating beam, which effectively alters the extent to which it self-traps. If the two self-

trapping events are related by a physical mechanism such as hydrogel contraction in a 

crosslinked system, then the change in self-trapping efficiency of one beam should be affected 

by the extent of self-trapping achieved by the co-propagating beam, which here was controlled 

by the power of the beam. 

 

Effect of Difference in Power Between Two Co-propagating Beams on their Self-trapping 

Behavior 

In order to further probe the interconnected behavior of the self-trapping events 

brought about by the co-propagation of two beams, the effect of the second beam on the self-

trapping behavior of the first beam was tested by changing the power of beam 2 relative to 

beam 1 as it co-propagated parallel to beam 1 at a beam separation distance of 200 µm (Fig. 

5.6). Since self-trapping in this system is power-dependent (shown in the previous chapter), it is 

expected that lowering the power of beam 2 would decrease the extent to which it self-traps, 

which would affect the decrease in self-trapping of beam 1 as beam 2 is introduced alongside 

beam 1. In particular, beam 2 would induce less hydrogel contraction at a lower power, 

generating less strain on the self-trapped, contracted state produced by beam 1. This would 

cause less network reconfiguration and release of strain around beam 1 from its contracted 

state.  
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Figure 5.6. Co-propagation of two parallel beams over time, each with different power. Beam separation 

distance is 203 µm. a) beam 1 = 6.9 mW and beam 2 = 6.8 mW; b) beam 1 = 6.9 mW and beam 2 = 1.6 

mW. Plot of individual beam intensity over time as I. beam 2 is blocked, II. beam 2 is unblocked, and III. 

beam 2 is re-blocked, sequentially.  

 

Here, the power of beam 1 was kept at 6.9 mW while the power of beam 2 was altered 

from (a) 6.8 mW to (b) 1.6 mW. In the experiment, beam 1 was allowed to self-trap, after which 

beam 2 was introduced alongside beam 1, causing beam 1 to reduce its self-trapping efficiency 

as beam 2 self-trapped. When the power of beams 1 and 2 were similar (Beam 1 = 6.9 mW and 

Beam 2 = 6.8 mW), the self-trapping of each beam approached one another until both beams 

were self-trapping at a similar peak intensity (Fig. 5.6a). Conversely, when there was a larger 

difference in power between the two beams (Beam 1 = 6.9 mW and Beam 2 = 1.6 mW) the 

decrease in self-trapping of beam 1 was less steep and did not fully approach the self-trapping 

intensity of beam 2, which here was not detected by the CCD (Fig. 5.6b). It is evident that the 

reduction in self-trapping of beam 1 was affected by the power of beam 2. These results further 

suggest that the self-trapping of the two beams influence one another and support the 

mechanism of strain-induced release of hydrogel contraction during co-propagation of two 
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beams in the crosslinked system. This co-propagation causes a reduction in the gradient of 

refractive index and subsequent self-trapping ability of the beam.  

 

Conclusion 

By probing the locality of nonlinearity in the spiropyran-modified p(AAm-co-AAc) 

hydrogel system with two beam co-propagation, we discovered an interesting self-trapping 

phenomenon not observed in other previously reported systems- the self-trapping in one area 

of the sample greatly affects the efficiency of a self-trapping event occurring in a neighboring 

spot in the same sample. Because of the reversibility that uniquely characterizes the system, 

the self-trapping efficiency could be decreased or increased over time in a single spot by 

introducing or removing the propagation of a laser beam in a neighboring spot, respectively. 

This was observed at all the beam separation distances tested (25 µm-200 µm); yet it could be 

that the degree of interconnectivity of the hydrogel could affect the distances at which this 

phenomenon is seen. Furthermore, the influence of one self-trapped beam on the other was 

verified by altering the laser power of one beam relative to the other beam and measuring the 

effect on the resulting self-trapping behavior. Because the two self-trapping events are related, 

the difference in power of the two beams affects the subsequent self-trapping dynamics of 

each beam.  

This observation, suggestive of a highly non-local platform, is also in contrast to the 

more local behavior observed at small beam separation distances (25 µm-40 µm) in which the 

co-propagation of two beams did not lead to significant interaction or beam fusion. This could 

be understood by the degree of locality that the system does have in the tethering of the light-
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responsive component, spiropyran, to the hydrogel and its local effect on hydrogel swelling. 

However, here, beam fusion would entail reconfiguration of the hydrogel network over time 

towards contraction in between two self-trapping events that each also involves local hydrogel 

contraction. Due to the strain involved, the energetic barrier towards this type of fusion might 

be higher, particularly at smaller beam separation distances (25 µm), precluding beam fusion. 

Although local photoactuation has been observed several times in spiropyran-modified 

hydrogels9, the work described here describes for the first time to our knowledge the ability to 

dynamically alter and probe the mechanical strain involved in multiple, simultaneous, localized 

contractions in a bulk hydrogel sample by photoactuation. This serves as a platform that 

introduces a novel method with which to study the mechanics of hydrogel volume change and 

different swollen states. Additionally, two-beam photoactuation in a hydrogel can allow for 

reversibly photo-patterning different strains within a single hydrogel for different applications, 

such as for imparting additional handles of control, for example for the time- and strain-

dependent release of encapsulated drugs or molecules at different times and locations. 

Overall, due to the integrated reversible dynamics of the spiropyran-modified hydrogel 

system, it is possible to control the formation of different re-writable waveguides in a single 

sample through a number of parameters- laser power, single beam propagation or multiple 

beam propagation, crosslinking density, spiropyran concentration, hydrogel composition, 

solution conditions, etc. The study of this rich reconfigurable system contributes significantly to 

dynamic optics, not only in the fundamental information that can be obtained about the 

formation of self-trapped beams and hydrogel mechanics, but in its potential incorporation in 

the variety of technological applications that involve dynamic waveguides. 
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Future Directions 

The primary studies undertaken here can be expanded in a multitude of directions for 

further studies, from which a large amount of information can be obtained. The self-trapping 

behavior of two co-propagating beams can be tested at longer beam separation distances in 

the hydrogel to determine if there is a threshold distance over which one part of the connected 

hydrogel network has diminished effect on another part of the network. Additionally, the effect 

on two beam self-trapping by altering the swelling property and elastic modulus of the 

spiropyran-modified hydrogel itself (by changing its crosslinking density for example) would be 

interesting to test. Furthermore, the two beam propagation studies conducted here in a 

spiropyran-modified p(AAm-co-AAc) hydrogel can be extended to other volume-changing 

hydrogel systems that exhibit different mechanical and swelling properties.  

Besides parallel propagation, the angle between the two beams could be altered and 

the resulting interaction of contracting events in the hydrogel can be studied for anisotropic 

behaviors. Ultimately, introducing more than two beams into the spiropyran-modified hydrogel 

would lend itself to potential applications in re-writeable multi-port junctions, optical 

interconnects, as well as in intelligent information storage systems. 
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Materials and Methods 

Chemicals: Acrylamide, acrylic acid, N,N’-methylene bis(acrylamide), TEMED, DMSO, 

triethylamine, tetrahydrofuran, and acryloyl chloride were all purchased from Sigma-Aldrich; 

1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was purchased from Acros 

Organics, and ammonium persulfate  was purchased from EMD Millipore (CalBioChem, 

OmniPur®) 

Synthesis of Spiropyran Acrylate monomer (1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-yl 

acrylate): See materials and methods of Chapter 2. 

Synthesis of Spiropyran acrylate-modified p(AAm-co-AAc) hydrogel: 1:1 w/w acrylamide:acrylic 

acid were dissolved in 4:1 v/v DMSO:deioinized water at 200 mg of acrylamide in 1 mL of 

solvent. To this solution, 2% w/v N,N’-methylenebis(acrylamide) was added as crosslinker. 

Acrylated spiropyran at 0.25mol% of the total monomer was dissolved in the prepolymer 

solution. Before curing, 2% w/v APS was added to the solution. Upon addition of TEMED 

catalyst, the hydrogel prepolymer solution was dispensed into a circular plastic mold 4 mm 

thick and 10 mm in diameter and left to cure in the dark at RT for 2-3 days. Cured hydrogel 

samples were then immersed in 1 mM HCl (aq) water bath for 3-4 days to remove excess, 

unreacted monomers. 

Optical Assembly set-up: The excitation source was the TEM00 mode(Gaussian beam M2<1.1) of 

continuous wave, visible (532 nm) light emitted by a diode-pumped solid state laser (Verdi V5 

Coherent, Inc., CA, USA).  The output beam had a diameter and power of 2.25 mm and 500 

mW, respectively. The beam was passed through a λ/2 waveplate and split into two beams 

using a polarizing beam splitter cube. The λ/2 waveplate orientation was adjusted to obtain the 
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desired intensity for self-trapping studies. The beams were steered by two 45° elliptical mirrors 

and a second beam splitter cube through a set of filters and through a planoconvex lens (F.L. = 

75.6 mm), which focused the orthogonally polarized beams to a diameter of 20 µm onto the 

entrance window of the cell containing the hydrogel sample (path length = 6.0 mm). The 

separation distance between the focused beams could be adjusted using the dials on the beam 

splitter cube adjustable mounts. The cell was mounted on a custom-made sample-holder, 

which could be translated along the optical axis (z) with a resolution of 0.5 µm. The spatial 

intensity profile of the beam at the exit face of the sample was imaged by a pair of planoconvex 

lenses (F.L. = 75.6 mm and F.L. = 250 mm) onto a high-resolution charge- coupled device (CCD) 

camera (2040 (H) x 1532 (V) pixels, pixel size 3.20 µm (H) x 3.20µm (V); WinCamD XHR, DataRay 

Inc., California, USA). Combinations of neutral density filters mounted on three separate 

rotatable wheels (VARM, Coherent, Inc.) were placed between imaging lenses to prevent 

saturation of the CCD camera. All imaging optical components could be translated along the z 

direction with a resolution of 0.25 mm. Images were collected for every second for 50 second 

logs. The camera used Data Ray software (Version 7.1H25Bk), which calculates beam diameter 

(1∕e2) and relative peak intensity, generates two-dimensional (2D) and three-dimensional (3D) 

intensity profiles and corrects for image magnification by the lenses (×3.3). The effective beam 

diameter corresponds to the circular area of all pixels with relative intensity > 13.5% (1/e2) of 

the maximum (peak) intensity. The relative peak intensity is the ratio between the greatest 

intensity on one or more pixels in an image and the saturation intensity of the camera. Plots of 

spatially intensity profiles of the beam were generated with SigmaPlotTM software. 
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Analysis of self-trapping curves using ORIGIN exponential fitting: BeamView Analyzer! software 

was used to export the beam intensity profiles to Excel and the maximum intensity values 

representing each beam were plotted over time. ORIGIN software was used to exponentially fit 

the resulting self-trapping curves to the equation y = yo + Aexp(Rox) in which the value of Ro was 

tabulated to represent the slope of the intensity curve. After the first self-trapping event, the 

first 150-200 seconds of the subsequent curves were used to make the exponential fit; in a few 

instances, more points were included in the fit to increase the R2 value. A representative 

example in which ORIGIN is used to exponentially fit the increase and decrease in peak intensity 

of a beam in a self-trapping event is presented in Fig. 5.S3. 
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Concluding	Remarks	

	 Responsive	soft	matter	has	much	to	offer	to	“smart”	material	systems	that	are	able	to	

sense	its	precise	environment	and	reconfigure	accordingly.	By	integrating	multiple	soft	

components	with	inherent	responsiveness	to	its	surroundings	and	synchronizing	molecular	

level	activity	towards	specific	outputs,	we	were	able	to	impart	more	control	to	different	

systems	consisting	of	a	stimuli-responsive	hydrogel	that	reversibly	changes	volume	upon	

changes	in	its	local	conditions,	such	as	pH	or	temperature.		

Within	a	microfluidic,	we	imposed	a	two-layer	flow	over	a	platform	consisting	of	a	

stimuli-responsive	hydrogel	embedded	around	an	array	of	flexible	polymeric	microstructures	

(Chapter	1).	In	this	system,	hydrogel	volume	change	is	able	to	cause	the	bending	of	the	

microstructures,	the	tips	of	which	alternatively	are	exposed	to	the	top	or	bottom	layer	flow.	

Using	this	integrated	system,	we	were	able	to	show	the	control	of	chemical	reactions	and	

sequestration	of	target	biomolecules	by	attachment	of	the	appropriate	functionality	to	the	

microstructure	tips.	Specifically,	by	functionalizing	the	microstructure	tips	with	a	catalyst,	we	

could	turn	“on”	or	“off”	certain	chemical	reactions	if	the	appropriate	chemical	reagents	were	

flowing	through	the	top	layer	of	the	microfluidic.	We	extended	this	oscillatory	behavior	to	allow	

for	autonomous	regulation	by	the	system	in	enabling	control	of	the	local	temperature	around	a	

certain	value	defined	by	the	hydrogel	composition.	We	then	went	on	to	show	that	by	attaching	

to	the	microstructures	reconfigurable	aptamers	that	are	also	reversibly	pH-responsive	in	their	

ability	to	bind	or	release	a	target	biomolecule,	we	could	catch	the	target	protein,	thrombin,	

from	the	top	layer	flow	and	bring	it	down	to	the	bottom	layer	flow,	essentially	separating	the	

protein	of	interest	from	an	ingoing	solution	mixture.	Importantly,	with	this	versatile	platform	
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we	showed	that	by	the	right	design	and	integration	of	soft,	reversibly	reconfigurable	

components,	we	could	control	outputs	for	a	range	of	applications.		

By	functionalizing	the	hydrogel	with	a	reversibly	light-responsive	molecule,	spiropyran,	

that	is	able	to	isomerize	between	two	forms	of	different	hydrophilicity,	we	explored	the	

dynamic	properties	of	the	modified	hydrogel	towards	local	light-activated	volume	change	on	

the	micron	scale	in	which	the	hydrogel	is	again	embedded	around	flexible	microstructures	

(Chapter	3).	In	this	investigation	we	found	that	local	photoactuation	and	bending	of	the	

microstructures	occurred	in	precise	conditions	(solution	pH,	temperature)	related	to	the	

mechanism	of	hydrogel	volume	change.	We	also	investigated	the	interplay	of	spiropyran	

isomerizability	with	hydrogel	swelling	when	the	molecule	was	attached	to	different	volume-

changing	hydrogels	(Chapter	2).	From	this	we	found	interesting	optical	characteristics	and	

isomerizability	of	spiropyran	brought	about	by	hydrogel	swelling	in	different	aqueous	solutions,	

particularly	in	the	tethering	of	spiropyran	to	the	pH-responsive	p(AAm-co-DMAEMA)	hydrogel,	

which	produced	distinctive	absorbance	and	fluorescence	peaks	of	the	attached	spiropyran.		

Studies	on	the	dynamic	properties	of	the	spiropyran-modified	hydrogel	were	then	taken	

into	the	realm	of	nonlinear	optics,	where	we	were	able	to	show	for	the	first	time	the	reversible	

self-trapping	of	laser	light	in	a	polymeric	material	(Chapter	4).	Self-trapping	in	this	system	

resulted	from	the	reversibly	reconfigurable	connection	between	spiropyran	photoisomerization	

and	local	hydrogel	volume	change	that	led	to	a	local	increase	in	refractive	index,	producing	the	

lensing	effect.	Further	exploration	into	the	dynamically	integrated	response	of	the	spiropyran-

modified	hydrogel	by	the	propagation	of	two	laser	beams	interestingly	opened	up	possibilities	

for	a	novel	platform	to	study	more	locally	the	mechanical	properties	of	the	hydrogel	in	which	
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neighboring,	simultaneous	self-trapping	events	influenced	each	other	as	a	result	of	the	

associated	hydrogel	contractions	(Chapter	5).		

Overall,	these	studies	brings	us	a	bit	closer	to	the	fascinating	reconfigurable	behavior	

observed	in	nature,	which	boasts	seamless	integration	of	hierarchical	responsive	mechanisms	

that	propagate	a	wide	range	of	actions	brought	about	by	great	sensitivity	to	highly	precise	

environmental	cues.	Such	materials	studies	also	advances	“smart”	technologies	in	a	range	of	

areas	from	biomedicine	to	dynamic	optics.	
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Appendix	

Supplementary	Figures	

	

	

Figure	1.S1.	Linearization	of	absorbance	data	as	a	function	of	thrombin	concentration.	Apparent	

disassociation	constant	Kd	values	were	calculated	by	the	inverse	slope	of	the	linearized	plots	according	

to	the	procedure	described	by	Ovadi,	et	al.1		

	

	

Figure	2.S1.	Liquid-chromatography	mass	spectrum	of	monomer	spiropyran	mono-acrylate.	[M+H+]	=	

348.2	m/z.	Peak	eluted	at	~0.5	min	is	from	more	polar	ring-open	form	of	spiropyran	acrylate	while	peak	

eluted	at	~4.9	min	is	from	more	non-polar	ring-closed	form	of	spiropyran	acrylate.	
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Figure	2.S2.	1H-NMR	(CDCl3,	400	MHz)	spectrum	of	spiropyran	mono-acrylate	monomer.	δ	=	1.16	(s,	3H,	

3’a),	1.31	(s,	3H,	3’a),	2.73	(s,	3H,	1’a),	5.70-5.73	(d,	J	=	10.4	Hz,	1H,	3a),	6.01-6.03	(d	+	d,	J	=	11.6	Hz,	2H,	

9a,	9b/c/d/e),	6.26-6.33	(side-by-side	dd,	J	=	10.4	Hz;	2.8	Hz,	2H,	11a,	11b/c/d/e),	6.52-6.54	(d,	J	=	7.6	

Hz,	1H,	7’a),	6.56-6.60	(m,	2H,	10a,	10b/c/d/e),	6.69-6.71	(d,	J	=	8.4	Hz,	1H,	8b/e),	6.79-6.86	(m,	3H,	4a,	

6’a,	5’a),	7.06-7.08	(d,	J	=	6.4	Hz,	1H,	8a),	7.16-7.19	(m,	2H,	4’a,	7a),	7.34-7.37	(d,	J	=	8.4	Hz,	1H,	7b/e),	

8.01-8.05	(d,	J	=	15.6	Hz,	1H,	6’b/e),	8.24-8.28	(d,	J	=	15.6	Hz,	1H,	7’b/e).	Inset	is	expanded	region	from	

5.7ppm-7.3ppm.	
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Figure	2.S3.	High-resolution	mass	spectrum	of	5-hydroxy-2,3,3-trimethyl-3H-indole.	[M+H]+	calculated	

for	C11H13NO,	176.107;	found,	176.1077.	

	

	

Figure	2.S4.	High-resolution	mass	spectrum	of	5-hydroxy-1,2,3,3-tetramethyl-3H-indolium	iodide.	

[M+H]+	calculated	for	C12H16NO,	190.1226;	found,	190.1231.	
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Figure	2.S5.	Liquid-chromatography	mass	spectrum	of	spiropyran	bis-acrylate	crosslinker.	[M+H+]	=	

446.2	m/z	

	

	

Figure	2.S6.	High-resolution	mass	spectrum	of	spiropyran	bis-acrylate	crosslinker.	[M+H]+	calculated	for	

C27H28NO5,	446.1962;	found,	446.1952.	
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Figure	2.S7.	 1H-NMR	(CDCl3,	400	MHz)	spectrum	of	spiropyran	bis-acrylate	crosslinker.	δ	=	1.18	 (s,	3H,	

2’),	1.24-1.25	(m,	6H,	8	and	9’),	2.07	(s,	3H,	3’),	2.63	(s,	3H,	8’),	5.43	(m,	1H,	9,	10,	10’,	or	11’),	5.72-5.74	

(m,	2H,	2	and	9,	10,	10’,	or	11’),	5.88	(m,	1H,	9,	10,	10’,	or	11’),	6.32	(m,	1H,	9,	10,	10’,	or	11’),	6.40-6.42	

(d,	J	=	8.8	Hz,	1H,	7’),	6.76-6.77	(d,	J	=	2.0	Hz,	1H,	6),	6.82-6.84	(dd	+	d,	J	=	7.6-8.4	Hz,	2.4	Hz,	2H,	4	and	

5),	6.89-6.92	(d,	J	=	10.4	Hz,	1H,	3),	6.95-6.97	(s	+	d,	J	=	8.0Hz,	2H,	4’	and	6’).	 Inset	is	expanded	region	

from	5.4ppm-7.0ppm.	
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Figure	2.S8.	FTIR-ATR	spectrum	of	prepolymer	solution	containing	spiropyran	acrylate.	Prepolymer	

solution	contains	acrylamide,	acrylic	acid,	and	methylene	bis(acrylamide)	crosslinker	in	DMSO:DI	water.	

Peaks	at	1635	cm-1	and	1685	cm-1	are	attributed	to	C=C	stretch	and	C=O	stretch,	respectively,	belonging	

to	the	acrylate	functionality	present	in	unpolymerized	monomers.	
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Figure	2.S9.	FTIR-ATR	spectrum	of	spiropyran-modified	acrylamide	hydrogel.	The	peak	at	840	cm-1	is	

attributed	to	=C-H	alkene	bending;	the	peak	at	980	cm-1	is	attributed	to	O-C-N	stretch2,	characteristic	of	

spiropyran	in	the	hydrogel.	

	

	

	



	 188	

	

Figure	2.S10.	FTIR-ATR	spectrum	of	spiropyran-modified	acrylamide-co-DMAEMA	hydrogel.	The	peak	at	

945	cm-1	is	attributed	to	the	O-C-N	stretch2,	while	peaks	at	~1070	cm-1,	~1140	cm-1,	and	~1230	cm-1	are	

attributed	to	the	cyclic	ether	C-O-C	group	of	the	ring-closed	spiropyran3;	the	peak	at	1460	cm-1	is	

attributed	to	a	C-H	alkane	bend,	all	characteristic	of	spiropyran	in	the	hydrogel.	
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Figure	2.S11.	FTIR-ATR	spectrum	of	spiropyran-modified	acrylamide-co-acrylic	acid	hydrogel.	The	peak	at	

860	cm-1	is	attributed	to	=C-H	alkene	bending;	the	peak	at	950	cm-1	is	attributed	to	O-C-N	stretch2,	while	

the	peak	at	1015	cm-1	 is	attributed	to	the	C-C-N	bend2,	all	characteristic	of	spiropyran	in	the	hydrogel.	

Peaks	at	1060	cm-1,	1120	cm-1,	and	1140	cm-1	apparent	in	the	hydrogel	containing	the	doubly	tethered	

spiropyran	bis-acrylate	are	attributed	to	the	C-O	alcohol	or	ether	stretch,	also	characteristic	of	the	ring-

open	spiropyran.	Additionally,	peaks	at	1080	cm-1,	1170	cm-1,	and	~1260	cm-1	apparent	in	the	hydrogel	

containing	the	singly	tethered	spiropyran	mono-acrylate	are	attributed	to	the	cyclic	ether	C-O-C	group	

of	the	ring-closed	spiropyran.3	
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Figure	4.S1.	Fluorescence	emission	spectra	of	p(AAm-co-AAc)	hydrogels	containing	spiropyran	(ex	490	

nm).	

	

	

Figure	5.S1.	Additional	beam	blocking	experiments	at	203	µm	beam	separation	distance.	Both	beams	

have	the	same	power	at	6.8	mW.	

	



	 191	

	

Figure	5.S2.	Beam	blocking	experiment	conducted	at	25	µm	beam	separation	distance.	Both	beams	have	

the	same	power	at	6.8	mW.	

	

	

Figure	5.S3.	Example	of	exponential	fit	using	ORIGIN	for	beam	blocking	experiments.	
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Figure	5.S4.	Additional	beam	blocking	experiments	for	beams	with	different	power.	The	power	of	beam	

1	is	kept	at	6.9	mW	and	the	power	of	beam	2	is	changed	from	a)	6.8	mW	and	b,c)	1.6	mW.		
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Synthetic homeostatic materials with
chemo-mechano-chemical self-regulation
Ximin He1,2, Michael Aizenberg2, Olga Kuksenok3, Lauren D. Zarzar4, Ankita Shastri4, Anna C. Balazs3 & Joanna Aizenberg1,2,4

Living organisms have unique homeostatic abilities, maintaining
tight control of their local environment through interconversions
of chemical and mechanical energy and self-regulating feedback
loops organized hierarchically acrossmany length scales1–7. In con-
trast, most synthetic materials are incapable of continuous self-
monitoring and self-regulating behaviour owing to their limited
single-directional chemomechanical7–12 or mechanochemical13,14

modes. Applying the concept of homeostasis to the design of
autonomous materials15 would have substantial impacts in areas
ranging frommedical implants that help stabilize bodily functions
to ‘smart’ materials that regulate energy usage2,16,17. Here we present
a versatile strategy for creating self-regulating, self-powered, homeo-
static materials capable of precisely tailored chemo-mechano-
chemical feedback loops on the nano- or microscale. We design a
bilayer system with hydrogel-supported, catalyst-bearing micro-
structures, which are separated from a reactant-containing ‘nutri-
ent’ layer. Reconfiguration of the gel in response to a stimulus
induces the reversible actuation of the microstructures into and
out of the nutrient layer, and serves as a highly precise ‘on/off’ switch
for chemical reactions. We apply this design to trigger organic,
inorganic andbiochemical reactions that undergo reversible, repeat-
able cycles synchronizedwith themotion of themicrostructures and
the driving external chemical stimulus. By exploiting a continuous
feedback loop between various exothermic catalytic reactions in the
nutrient layer and the mechanical action of the temperature-
responsive gel, we then create exemplary autonomous, self-sustained
homeostatic systems that maintain a user-defined parameter—
temperature—in a narrow range. The experimental results are vali-
dated using computationalmodelling that qualitatively captures the
essential features of the self-regulating behaviour and provides addi-
tional criteria for the optimization of the homeostatic function,
subsequently confirmed experimentally. This design is highly custo-
mizable owing to the broad choice of chemistries, tunablemechanics
and its physical simplicity, and may lead to a variety of applications
in autonomous systems with chemo-mechano-chemical transduc-
tion at their core.
The survival of organisms relies on homeostatic functions such as

the maintenance of stable body temperature, blood pressure, pH and
sugar levels1,3,5–7. This remarkable self-regulatory capability can be
traced tomacromolecular components that convert chemical processes
into nano- ormicroscalemotion and vice versa, such asATP synthesis5

and muscle contraction4,7, thereby mechanically mediating the coup-
ling of a wide range of disparate chemical signals1,2. Despite its import-
ance in living systems, the concept of homeostasis and self-regulation
has not been applied extensively to man-made materials, with the
result that many are energy inefficient or fail when subject to minor
perturbations. Syntheticmaterials typically sense or actuate only along
a single chemomechanical8–12 (CRM) or mechanochemical13,14

(MRC) route, and are generally incapable of integration into feed-
back mechanisms that necessarily incorporate both pathways

(C1RMRC2 or C/?M). There are a few stimuli-responsive drug
delivery systems, which utilize chemo-mechano-chemical elements
that lead to the release of certain molecules to target locations18–20.
Select oscillating and non-oscillating reactions have been coupled to
reversible mechanical responses21–25, yet systems that are driven by
such a limited chemical repertoire lack versatility and tunability.
Despite substantial efforts, artificial chemomechanical systems capable
of integration within hierarchical regimes, taking advantage of com-
partmentalization and partition26, and offering smooth coupling of
microscopic and macroscopic signals with fast mechanical action4

and a wide range of chemical inputs and outputs remain a highly
desired but elusive goal16,17. In response to these challenges, we describe
here a newmaterials platform that can be designed tomediate a variety
of homeostatic feedback loops. The system, which we call SMARTS
(self-regulated mechanochemical adaptively reconfigurable tunable
system), reversibly transduces external or internal chemical inputs into
user-defined chemical outputs via the on/off mechanical actuation of
microstructures.
The general, customizable design of SMARTS is presented in Fig. 1a.

Partly embedded in a hydrogel ‘muscle’, high-aspect-ratio ‘skeletal’
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microfins corresponding to on (left) and off (right) reaction states. d, Forty-
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12mm (Supplementary Fig. 2).
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microstructures with a catalyst or reagent affixed to the tips reversibly
actuate as the gel swells or contracts in response to a chemical stimulus
(C1).When this system is immersed in a liquid bilayer, thismechanical
action (M) moves the catalyst into and out of a top layer of reactants
(the nutrient layer), such that a chemical reaction (C2) is turned on
when the microstructures straighten and turned off when they bend,
realizing a synchronized cascade of chemomechanical energy inter-
conversions (C1RMRC2). We built such a system using an epoxy
microfin array (Fig. 1b) that reconfigures between upright and bent
states (Fig. 1c) when the volume of the hydrogel changes. The catalyst
or reagent of choice was physically adsorbed or chemically attached to
the tips of themicrostructures (Fig. 1d and Supplementary Fig. 1). The
formation of a stable bilayer configuration was achieved in either a
biphasic systemor in amicrofluidic device (Supplementary Fig. 2), and
the position of the interface was determined by confocal microscopy
using fluorescently labelled liquids (Fig. 1e).
Using this design, we first characterized and optimized a number of

externally regulated C1RMRC2 systems which show that SMARTS
can be tailored to a broad range of coupled chemomechanical and
mechanochemical events (Fig. 2). We incorporated microstructures
actuated by a pH-responsive hydrogel, poly(acrylamide-co-acrylic
acid)27, into amicrofluidic channel28 and used laminar flow to generate
a stable liquid bilayer on top of the microstructured surface (Sup-
plementary Fig. 2). Using periodic changes in pH in the bottom layer
as the stimulus (S), we realized chemo-mechano-chemical cycles of
the type (SonRC1RMupRC2)R (SoffRC21RMbent3RC2)R
(SonR � � �), where Son and Soff correspond to pH change, C1 and C21

respectively denote deprotonation of the acrylic acid and protonation
of the acrylate moieties, Mup and Mbent denote the movement of the

microstructures between the two liquid layers, and C2 denotes various
reactions triggered in the top layer (Fig. 2).
To determine optimal conditions allowing the microstructures to

pass sufficiently far across the fluidic interface (Fig. 2a, b), we applied
fluorescein to the microstructure tips and observed the on/off states of
fluorescein quenching by potassium iodide in the nutrient layer. By
tracking the progress of both the chemical reaction and the motion of
the microstructures (Fig. 2c and Supplementary Fig. 3), we demon-
strated that the quenching started at almost the exact moment the
18-mm-tall tips crossed the ,12-mm-high interface into the layer of
reagents, and ceased as the tips crossed again upon leaving the
potassium iodide solution. The high level of chemomechanical
coordination of SMARTS therefore provides both a precise and
controllable way to use mechanical action to alter and affect dynamics
of chemical systems and a basis for the design of much more complex,
compartmentalized2,16,17,26 chemo-mechano-chemical interactions.
Not only is this mechanical mediation inherently precise, but the

system’s response is also fast, allowing for rapid switching of an
induced chemical reaction. We demonstrated, for example, that the
pulsed generation of oxygen gas bubbles (,35 nlmm22 s21) by a
platinum-catalysed hydrogen peroxide decomposition reaction,
2H2O2 �?

Pt
O2z2H2O (Fig. 2d–f, Supplementary Movie 1 and

Supplementary Fig. 4), can be switched on and off entirely within a
fraction of a second, in synchrony with the driving chemical stimulus.
This system can also be designed to regulate much more complex,
multicomponent enzymatic processes occurring indelicate, biologically
relevant conditions. The variety of switchable C2 reactions is comple-
mented by the customizability of the hydrogel response, which can be
tailored to awide range of stimuli, such as pH, heat, light and glucose or
other metabolic compounds, making it possible to mix and match
chemical signals at will.
Of particular interest and potential importance is the ability to

design self-regulated, autonomous C1RMRC2 systems in which
the chemical output signal ismatchedwith the stimulus of the respons-
ive hydrogel. Such a system would have homeostatic behaviour owing
to the possibility of a complete, continuous feedback loop,
CRMRCRMR � � � or C/?M (Fig. 3a). We demonstrated this
unique capacity by creating multiple self-powered, self-regulated
oscillating systems in which the mechanical action of a temperature-
responsive gel, poly(N-isopropylacrylamide), was coupled to several
exemplary exothermic catalytic reactions:
(i) hydrosilylation of 1-hexenewith triethylsilane catalysed byH2PtCl6
(Et, ethyl)

(ii) hydrosilylation of 1-hexene with diphenylsilane catalysed by
H2PtCl6 (Ph, phenyl)

(iii) decomposition of cumene hydroperoxide catalysed by Ph3CPF6

(iv) ‘click’ reaction between octylazide and phenylacetylene catalysed
by Cu(PPh3)2NO3

Below the lower critical solution temperature (LCST), the thermally
responsive hydrogel swells, the embedded microstructures straighten
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and their catalyst-functionalized tips enter the reagent layer, triggering
an exothermic reaction; when the temperature increases to T.LCST
as a result of the generated heat, it triggers contraction of the hydrogel,
removing themicrostructures from the reagents; when the temperature
falls to T,LCST again, the cycle restarts, giving rise to continuous,
self-regulated C/?Moscillations (Fig. 3a). All these systems behave as
autonomous thermal regulators that, within a very narrow range,
maintain a local temperature, which is determined by the LCST of
thehydrogel (Fig. 3b). For example,whenpoly(N-isopropylacrylamide)
hydrogel29 (LCST5 32.0 uC) was used to switch reaction (i), the local
temperature fluctuated between 31.0 and 33.8 uC (Fig. 3c and Sup-
plementary Fig. 5).Whenwemodified the poly(N-isopropylacrylamide)
with 5% butyl methacrylate30, to reduce the LCST to 27.8 uC, the local
temperature range shifted to 27.1–29.7 uC (Fig. 3c, d). This robust self-
contained feedback system, which is,70mm thick, regulates the tem-
perature of a 0.64-cm2 surface for ,6 h (4.20min per cycle for 95
cycles), with an initial input of only 4.0ml of reactants as fuel (Sup-
plementary Movie 2). With periodic replenishment of reactants, it can
in principle continue to function almost indefinitely. The oscillation
amplitude and period vary depending on the reactions’ exothermicity
and kinetics (see discussion below and Supplementary Figs 6–8).
To capture essential features of the self-regulating, oscillatory beha-

viour seen in the experiments and assess the contributions of different
variables, we developed a hybrid computational approach tomodelling
microstructures that are embedded in a thermo-responsive gel and
interact with an overlying layer of reagents (Supplementary Fig. 9
and Supplementary Information). This approach is based on the gel
lattice spring model31–33, which describes the elastodynamics of the gel

layer (Fig. 4a). Simulations show that the phase trajectory of the
vertical (z) coordinate of the microstructure tips, ztip(T) (Fig. 4b),
develops into a stable limit cycle, corresponding to robust, self-sus-
tained oscillations (Fig. 4c). By focusing on a single oscillation cycle
(Fig. 4d), we see that, in agreement with the experiments (Fig. 3c), the
temperature of the systemdecreaseswhen the tips are below the bilayer
interface and increases when they are above this surface, resulting in a
phase shift (of about one-third of the oscillation period) between the
oscillations in temperature and tip position. Furthermore, at any tem-
perature within the oscillation cycle, ztip can attain one of two possible
values, such that for the same temperature the tips are higher during
heating and lower during cooling: zheattip (T�)wzcooltip (T�) (Fig. 4d; the
same behaviour is observed in experiments, as seen in Fig. 3d). This
feature is also evident in Fig. 4b, where the upper portion of the limit
cycle corresponds to the tips being located above the interface (above
the green line) and to the increase in temperature (marked by the red
arrow pointing to the right), and the lower portion corresponds to the
tips being located below the interface and to the decrease in temper-
ature (marked by the red arrow pointing to the left). The bistability
seen in Fig. 4d, as well as the negative feedback provided by the loca-
lized reaction, results in the oscillations seen in Figs 3 and 4. Notably,
bistability has been shown to have a key role in various self-oscillating
gels21,22; for example, bistability in the permeability of a gel mem-
brane21 or spatial bistability in pH-responsive gels22 results in distinct
chemomechanical oscillations.
Ourmodel can be used to estimate trends in homeostatic behaviour

based on tunable variables. For example, the modelling suggested
(Supplementary Fig. 10) that the homeostatic temperature and the
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oscillation amplitude and period could be controlled by varying the
position of the liquid–liquid interface, the geometry or mechanical
properties of the microstructures, and the heating rate. The predicted
trendswere further confirmedbydetailed experiments. Specifically, we
note that the oscillation period gradually increases as the reactions
progress; although the average period in reaction (i) was 4.20min
per cycle (Fig. 3c), it increased from the initial value of 3.58min per
cycle to 4.50min per cycle as reactants were depleted (Supplementary
Fig. 5c). Such an increase is in agreement with the predicted effect of
varying the heating rate (Supplementary Fig. 10c), which depends on
the reaction exothermicity and the reactant concentration. To study
this effect further, we performed the hydrosilylation reaction with
diluted reagents (80% v/v) and observed, as predicted, the increase
in the initial oscillation period (to 3.85min per cycle), as well as the
decrease in the amplitude of both temperature oscillation (2.3 uCversus
2.8 uC) and tip position (,3mm versus ,4mm), as shown in
Supplementary Fig. 6a. In contrast, when triethylsilane was replaced
with diphenylsilane, which is more reactive, the higher heating rate
resulting from a more vigorous reaction led to a shorter oscillation
period (3.20min per cycle) and a higher amplitude of both temperature
oscillation (5.0 uC) and tip position (,7mm) (Supplementary Fig. 6a).
Similar results were obtained for SMARTS using other types of
exothermic reactions (reactions (iii) and (iv)) (Supplementary Fig. 6b).
To study the correlation of the homeostatic performance and the

position of the liquid interface, we raised the bilayer interface from
,12 to ,15mm. With the higher interface, the microfins oscillated
with a smaller amplitude of ,2mm (versus ,4mm) (Supplementary
Fig. 7a). The temperature fluctuations were dampened as well, to an
amplitude of 1.7 uC (versus 3.2 uC), around a slightly lower homeostatic
point (32.0 uC compared with the original homeostatic point of
,32.7 uC), conceivably because the catalyst-coated microstructure tips
remain in the reagent layer for shorter lengths of time when the inter-
face is higher. All the latter effects of varying the interface position are
also observed in our simulations (Supplementary Fig. 10a, b). To study
the correlation of the homeostatic performance and microstructure
size, 14.5-mm-tall microfins were used instead of the original
18.0-mm-tall ones. Reducing the fin height, while keeping the position
of the liquid interface constant, resulted in the expected increase in the
initial oscillation period (3.80min per cycle) and the decrease in the

actuation amplitude (to ,2mm around a lower level of ,11mm). At
the same time, the temperature fluctuation amplitude increased to
5.0 uC (between 30.2 and 35.2 uC) (Supplementary Fig. 7b).
Our studies not only unravel the dynamic and collective respon-

siveness of SMARTS and the highly complex non-equilibrium beha-
viour that typifies its chemo-thermo-mechanical self-regulation, but
also provide criteria for optimization and customization of its design.
We demonstrated that the homeostatic temperature can be controlled
by the LCST of the responsive gel; the frequency and amplitude of the
autonomous temperature oscillation depend on the chemical reaction
used and, for a given reaction, can be finely tuned by adjusting the
height of the liquid interface, the rate of heat generation (through
control of reagent concentration) or the microstructure dimension/
geometry. We anticipate that the ability of SMARTS to maintain a
stable temperature can be used in autonomous self-sustained thermo-
stats with applications ranging from medical implants that help
stabilize bodily functions to ‘smart’ buildings that regulate thermal
flow for increased energy efficiency. In general, our rich SMARTS
platform can involve a variety of other stimuli-responsive gels and
catalytic reactions, enabling the creation of diverse homeostatic
systems with various regulatory functions (controlling pH, light,
glucose and pressure, for example). An oscillating mechanical
movement originating from a non-oscillatory source, and leading to
autonomous motility, has considerable potential for translation
into areas such as robotics, biomedical engineering, microsystems
technology and architecture, among many others. The system also
can be used in the sensing and sorting of analytes in a microreactor
device. The micrometre length scale, customizability and physical
simplicity of SMARTS allow it to be integrated with other microscale
devices, leading to far more complex self-powered, continuous or
pulsed hierarchical chemomechanical systems capable of maintaining
local state conditions.

METHODS SUMMARY
SMARTS fabrication.Microfins were made by polymerizing epoxy resin (UVO-
114 with 10wt% glycidyl methacrylate) within polydimethylsiloxane moulds that
were replicated from silicon masters with corresponding geometry. Microfins
were partly embedded in hydrogel by depositing an appropriate amount of
hydrogel precursor solution on the microfin-bearing epoxy substrates and curing
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under ultraviolet light.Microstructure tips were functionalized by stampingwith a
flat polydimethylsiloxane sheet inked with catalysts or fluorescence dye, and then
thoroughly rinsing. To create a bilayer of aqueous liquids on top of the sample, the
sample was integrated in a microfluidic device. Channels were laser-cut into
acrylic, double-sided adhesive sheets and placed on top of the sample, and the
channels were capped with polydimethylsiloxane allowing integration with
polyethylene tubing, creating two inlets connected to two syringe pumps and an
outlet. The height of the liquid–liquid interface was adjusted by changing the flow
rates of the two ingoing solutions. To create a bilayer of organic–aqueous liquid,
the two solutions of fixed volumeswere sequentially placed on topof themicrofins,
forming a stable interface at a fixed height.
SMARTS characterization. Confocal microscopy was used to determine the
position of the liquid interface and the tip positions of the actuating microfins.
Optical imaging and video recording were done using an inverted microscope.
Time-resolved temperaturemonitoring of SMARTSwith incorporated exothermic
reactions was carried out by precision fine wire thermocouples connected to a
temperature controller and a computer.
Simulations. The gel lattice spring model31–33 was extended to describe elastic
filaments that are anchored within a thermo-responsive gel. The model takes into
account heat produced by the exothermic reaction when the filament tips are
above the reaction plane, as well as the heat dissipation throughout the system.
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22. Horváth, J., Szalai, I., Boissonade, J. & De Kepper, P. Oscillatory dynamics induced
in a responsive gel by a non-oscillatory chemical reaction: experimental evidence.
Soft Matter 7, 8462–8472 (2011).

23. Kovacs, K., Leda, M., Vanag, V. K. & Epstein, I. R. Small-amplitude andmixed-mode
pH oscillations in the bromate-sulfite-ferrocyanide-aluminum(III) system. J. Phys.
Chem. A 113, 146–156 (2009).

24. Maeda, S., Hara, Y., Sakai, T., Yoshida, R. & Hashimoto, S. Self-walking gel. Adv.
Mater. 19, 3480–3484 (2007).

25. Vanag, V. K. & Epstein, I. R. Resonance-induced oscillons in a reaction-diffusion
system. Phys. Rev. E 73, 016201 (2006).

26. Koga, S., Williams, D. S., Perriman, A. &Mann, S. Peptide-nucleotidemicrodroplets
as a step towards a membrane-free protocell model. Nature Chem. 3, 720–724
(2011).

27. Richter, A. et al. Review on hydrogel-based pH sensors andmicrosensors. Sensors
8, 561–581 (2008).

28. Zarzar, L. D., Kim, P. & Aizenberg, J. Bio-inspired design of submerged hydrogel-
actuated polymer microstructures operating in response to pH. Adv. Mater. 23,
1442–1446 (2011).

29. Schild, H. G. Poly(n-isopropylacrylamide)-experiment, theory and application.
Prog. Polym. Sci. 17, 163–249 (1992).

30. Okano, T., Bae, Y. H., Jacobs, H. & Kim, S. W. Thermally on-off switching polymers
for drug permeation and release. J. Control. Release 11, 255–265 (1990).

31. Kuksenok, O., Yashin, V. V. & Balazs, A. C. Three-dimensional model for
chemoresponsive polymer gels undergoing the Belousov-Zhabotinsky reaction.
Phys. Rev. E 78, 041406 (2008).

32. Yashin, V. V. &Balazs, A. C. Pattern formation andshape changes in self-oscillating
polymer gels. Science 314, 798–801 (2006).

33. Yashin, V. V., Kuksenok, O. & Balazs, A. C. Modeling autonomously oscillating
chemo-responsive gels. Prog. Polym. Sci. 35, 155–173 (2010).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

AcknowledgementsWe thank P. Kim for assistance with the gel formulation, M. Khan
for microstructure fabrication, R. S. Friedlander for assistance with confocal imaging,
M. Kolle and A. Ehrlicher for technical assistance, and A. Grinthal for help with
manuscript preparation. The work was supported by the US DOE under award
DE-SC0005247 (experiment) and by the US NSF under award CMMI-1124839
(computational modelling).

Author Contributions M.A. and J.A. planned the project and supervised the research.
X.H. and M.A. designed and conducted the experiments and data analysis. X.H., L.D.Z.
and A.S. conducted the characterization. X.H. and L.D.Z. carried outmicrofluidic device
design. A.S. carried out hydrogel deposition optimization.O.K. andA.C.B.developed the
model and numerical code and carried out the computational simulations. All authors
wrote the manuscript.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to J.A. (jaiz@seas.harvard.edu).

RESEARCH LETTER

2 1 8 | N A T U R E | V O L 4 8 7 | 1 2 J U LY 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

www.nature.com/nature
www.nature.com/reprints
www.nature.com/nature
mailto:jaiz@seas.harvard.edu


W W W. N A T U R E . C O M / N A T U R E  |  1

SUPPLEMENTARY INFORMATION
doi:10.1038/nature11223

Fig. S8 Temperature evolution for a control sample without a catalyst on microstructure tips, in 
comparison to the sample with catalyst-functionalized tips. 
 
5. Computational modeling of the self-regulated behavior 
 
Fig. S9 Schematic of the elastic cilium introduced into the gel. 
 
Fig. S10. Computer simulations of self-sustained oscillations: effect of a position of an interface 
between reactive and non-reactive layers and heating rate. 

 

Other Supporting Online Material for this manuscript includes the following: (available at: 

[link to be inserted]) 

Movie 1. Pulsed O2 gas generation controlled by the actuation of microfins within a microfluidic 
channel. Alternating flow of aqueous solution of pH 3 (yellow) and pH 6 (purple) was used to 
control the actuation of the microstructures out of and into the H2O2 layer and thus the cyclic 
bubble generation. The color arises from bromophenol blue indicator. Movie played at a real-
time speed.  
 
Movie 2. Self-regulated chemo-mechanical feedback system showing self-contained autonomous 
oscillation and the corresponding temperature regulation during 6 h.  The movie presents three 
cycles at the beginning, two cycles 3 h later, and two cycles 6 hours later. Movie played at 60x 
speed. 
 
 
 
1. Materials and methods of SMARTS fabrication and characterization 
1.1 Chemicals & Materials: Acrylamide (AAm), acrylic acid (AAc), N-isopropylacrylamide 
(NIPAAm), glycidyl methacrylate (GMA), 2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, photoinitiator, PI, for pH-responsive hydrogel), 2-
hydroxy-2-methyl-1- phenyl-1-propanone (Darocur 1173, PI for temperature-responsive 
hydrogel), N,N’-methylenebisacrylamide (bis-AAm, cross-linker), dodecyl acrylate, 
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane, cumene hydroperoxide (80% solution), 
triphenylcarbenium hexafluorophosphate (Ph3CPF6), and sodium azide were purchased from 
Sigma-Aldrich (St. Louis, MO). Phenylacetylene was purchased from Alfa Aesar. 
Polydimethylsiloxane (PDMS) (Dow-Sylgard 184) was purchased from Ellsworth (Germantown, 
WI) and UVO-114 was purchased from Epoxy Technology (Billerica, MA). All the chemicals, 
except NIPAAm, which was recrystallized from hexane, were used as received. Octyl azide was 
synthesized from octyl bromide (Oakwood Products) following published procedure1. 
Nitratobis(triphenylphosphine)copper(I), Cu(PPh3)2NO3, was synthesized following published 
procedure2. 

 
1.2 Sample preparation:  
1.2.1. Microstructure fabrication. Silicon masters of the microfin and micropost arrays were 
fabricated using the Bosch process as described elsewhere.3, 4  The microfins were arranged in a 
staggered array of 2 μm wide, 10 μm long and 18 or 14.5 μm tall plates spaced by 5 μm. The 
microposts (10 μm diameter and 100 μm tall) were arranged in a square array. Silicon masters 
were modified with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane in a desiccator under 
vacuum at room temperature for at least 24 h to facilitate demolding of the PDMS from the 
silicon masters. PDMS prepolymer in a 10:1 (wt./wt.) ratio of base resin:hardener was mixed for 
3 min and degassed under vacuum at room temperature. To create negative replicas of the silicon 
structures, the PDMS prepolymer mixture was poured over the silanized silicon master in a petri 
dish, put under vacuum again to remove residual bubbles, and then cured for 2 h at 70°C. After 
cooling, the silicon masters were demolded by peeling off the PDMS molds. To make an epoxy 
replica of the original master, a few drops of a 9:1 (wt./wt.) prepolymer mixture (UVO-
114:GMA) were placed on the PDMS mold and a glass slide was put over the prepolymer to 
serve as a flat backing to yield an area of polymer with a coverage of about 4 cm2. The 
prepolymer mixture was cured under a UV lamp (100W, Blak-Ray with a 365 nm band-pass 
filter, ~10 mW/cm2 at 365 nm) for about 20 min. The glass slide was then carefully removed 
from the PDMS mold to yield an array of polymer structures that replicated the original silicon 
master.  

 
1.2.2. Gel synthesis/microstructure integration. To embed microfin structures into a hydrogel 
film, a drop of hydrogel precursor solution (4 μL or 20 μL) was placed on the freshly-prepared 
microfin surface of 0.5x8 mm2 or 8x8mm2 area (for pH-responsive and temperature-responsive 
gels, respectively); a cover slip was laid over the droplet to cover the solution, and the sample 
was cured under broadband UV illumination (~10 mW/cm2) for 5 min. All samples were soaked 
in deionized water (DIW) for 30 min after hydrogel curing to swell the hydrogel before the 
removal of the confining surface. 

Synthesis of the pH-responsive gel. The precursor solution for the pH-responsive hydrogel was 
20% AAm, 20% AAc, 2% crosslinker bis-AAm and 1% UV-initiator Irgacure® 2959 by weight 
in deionized water. In order to increase the transition pH of the hydrogel from 4.25 to 7.0 to 
conduct reactions closed to neutral pH, 10% w/v dodecyl acrylate was added to the pH-
responsive hydrogel precursor solution with water replaced by dimethylformamide (DMF, 
Aldrich Sigma).5 

Synthesis of the temperature-responsive gel. The precursor solution for the T-responsive 
hydrogel was 40% NIPAAm with 2% bis-AAm cross-linker and 0.5% UV-initiator Darocur® 
1173 in DMSO. T-responsive hydrogels after photocuring and cover slip removal were soaked in 
DIW overnight to achieve the full exchange of solvent and yield the maximum swelling ratio.  

 
1.2.3. Decoration of the microstructure tips.  
Stamping. Deposition of fluorescein, Cu(PPh3)2NO3, Ph3CPF6 or H2PtCl6 catalysts on the 
microstructure tips was accomplished using a stamping method (Fig. S1a). Hydrogel-embedded 
microstructures were treated by O2 plasma for 30 s to form reactive epoxide and hydroxyl groups 
on the epoxy tips. A flat PDMS stamp inked with catalyst solution was gently brought into 
contact with the top surface of the microstructures. The solutions used for stamping were as 
follows:  

a) for the fluorescence quenching, 100 mg/L fluorescein in 1:1 v/v water:ethanol;  

b) for the hydrosilylation reactions, 1 mg/mL H2PtCl6 in DIW.  
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staggered array of 2 μm wide, 10 μm long and 18 or 14.5 μm tall plates spaced by 5 μm. The 
microposts (10 μm diameter and 100 μm tall) were arranged in a square array. Silicon masters 
were modified with (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane in a desiccator under 
vacuum at room temperature for at least 24 h to facilitate demolding of the PDMS from the 
silicon masters. PDMS prepolymer in a 10:1 (wt./wt.) ratio of base resin:hardener was mixed for 
3 min and degassed under vacuum at room temperature. To create negative replicas of the silicon 
structures, the PDMS prepolymer mixture was poured over the silanized silicon master in a petri 
dish, put under vacuum again to remove residual bubbles, and then cured for 2 h at 70°C. After 
cooling, the silicon masters were demolded by peeling off the PDMS molds. To make an epoxy 
replica of the original master, a few drops of a 9:1 (wt./wt.) prepolymer mixture (UVO-
114:GMA) were placed on the PDMS mold and a glass slide was put over the prepolymer to 
serve as a flat backing to yield an area of polymer with a coverage of about 4 cm2. The 
prepolymer mixture was cured under a UV lamp (100W, Blak-Ray with a 365 nm band-pass 
filter, ~10 mW/cm2 at 365 nm) for about 20 min. The glass slide was then carefully removed 
from the PDMS mold to yield an array of polymer structures that replicated the original silicon 
master.  

 
1.2.2. Gel synthesis/microstructure integration. To embed microfin structures into a hydrogel 
film, a drop of hydrogel precursor solution (4 μL or 20 μL) was placed on the freshly-prepared 
microfin surface of 0.5x8 mm2 or 8x8mm2 area (for pH-responsive and temperature-responsive 
gels, respectively); a cover slip was laid over the droplet to cover the solution, and the sample 
was cured under broadband UV illumination (~10 mW/cm2) for 5 min. All samples were soaked 
in deionized water (DIW) for 30 min after hydrogel curing to swell the hydrogel before the 
removal of the confining surface. 

Synthesis of the pH-responsive gel. The precursor solution for the pH-responsive hydrogel was 
20% AAm, 20% AAc, 2% crosslinker bis-AAm and 1% UV-initiator Irgacure® 2959 by weight 
in deionized water. In order to increase the transition pH of the hydrogel from 4.25 to 7.0 to 
conduct reactions closed to neutral pH, 10% w/v dodecyl acrylate was added to the pH-
responsive hydrogel precursor solution with water replaced by dimethylformamide (DMF, 
Aldrich Sigma).5 

Synthesis of the temperature-responsive gel. The precursor solution for the T-responsive 
hydrogel was 40% NIPAAm with 2% bis-AAm cross-linker and 0.5% UV-initiator Darocur® 
1173 in DMSO. T-responsive hydrogels after photocuring and cover slip removal were soaked in 
DIW overnight to achieve the full exchange of solvent and yield the maximum swelling ratio.  

 
1.2.3. Decoration of the microstructure tips.  
Stamping. Deposition of fluorescein, Cu(PPh3)2NO3, Ph3CPF6 or H2PtCl6 catalysts on the 
microstructure tips was accomplished using a stamping method (Fig. S1a). Hydrogel-embedded 
microstructures were treated by O2 plasma for 30 s to form reactive epoxide and hydroxyl groups 
on the epoxy tips. A flat PDMS stamp inked with catalyst solution was gently brought into 
contact with the top surface of the microstructures. The solutions used for stamping were as 
follows:  

a) for the fluorescence quenching, 100 mg/L fluorescein in 1:1 v/v water:ethanol;  

b) for the hydrosilylation reactions, 1 mg/mL H2PtCl6 in DIW.  
c) for cumene hydroperoxide decomposition, 40 mg/mL Ph3CPF6 in ethanol. 

d) for “click” reaction, 50 mg/mL Cu(PPh3)2NO3 in chloroform. 

The stamp was left on the microstructure surface overnight to let the water or solvent completely 
evaporate, leaving the catalyst or dye attached to the epoxy surface through covalent bonding 
and/or non-specific adsorption. The unbound catalyst was washed from the sample surface by 
rinsing with water or buffer. The tip functionalization was demonstrated by immobilizing 
fluorescent dye on the top surface of the microposts. The selective modification of the 
microstructures, visualized by fluorescence microscopy (Fig. S1b,c), enables the precise control 
of the on/off switching of the reactions in the top layer of the SMART system.  
 

 
Figure S1. Decoration of the microstructure tips by stamping. a, Schematic of the procedure 
used for the functionalization of the microstructure tips. b, SEM images showing the 
morphology of the hydrogel-embedded 100-μm-tall microposts with the top 20 μm sticking out 
of the gel. c, Fluorescence images showing the tips before and after being functionalized with 
fluorescein. 

Evaporative deposition on the PDMS mold. To deposit metallic Pt on microfin tips for H2O2 
decomposition, a 100-nm-thick Au (as a sacrificial layer) and a 100-nm-thick Pt layer were 
sequentially deposited on a negative PDMS mold by thermal evaporator.  Such deposition 
resulted in the formation of Pt regions on the bottom of the wells and on the top PDMS surface. 
The top layer of the metal was then removed by scotch tape repetitively in order to retain the 
metals only in the bottom of the wells of the PDMS mold. Polymerization of epoxy within such a 
mold yielded microfin structures with Au/Pt on their tips. Au layer was removed by etching with 
HF, exposing the Pt catalyst on the tips of the epoxy fins. 
 
1.2.4. Formation of a bilayer liquid.  
Aqueous bilayer formation for laminar flow in a microfluidic device. For various cyclic chemical 
reactions triggered by the pH changes shown in Fig. 2 in the main text, a microfluidic channel 
with two inlets of different depths was fabricated on top of the hydrogel-embedded 
microstructures to form a laminar (top/bottom bilayer) flow. As shown in Fig. S2a,b, a 120-μm-
thick polyacrylic double-sided adhesive tape stack with a 0.5 x 8 mm rectangular channel, two 
inlets of 60 and 120 μm deep and one outlet of 120 μm deep cut by laser cutter, was placed on 
top of the microstructures and served as the wall of the channel. The channel was sealed on top 
by a piece of flat PDMS. Reagent solution (specified below) and water were flowed into the two 
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c) for cumene hydroperoxide decomposition, 40 mg/mL Ph3CPF6 in ethanol. 

d) for “click” reaction, 50 mg/mL Cu(PPh3)2NO3 in chloroform. 

The stamp was left on the microstructure surface overnight to let the water or solvent completely 
evaporate, leaving the catalyst or dye attached to the epoxy surface through covalent bonding 
and/or non-specific adsorption. The unbound catalyst was washed from the sample surface by 
rinsing with water or buffer. The tip functionalization was demonstrated by immobilizing 
fluorescent dye on the top surface of the microposts. The selective modification of the 
microstructures, visualized by fluorescence microscopy (Fig. S1b,c), enables the precise control 
of the on/off switching of the reactions in the top layer of the SMART system.  
 

 
Figure S1. Decoration of the microstructure tips by stamping. a, Schematic of the procedure 
used for the functionalization of the microstructure tips. b, SEM images showing the 
morphology of the hydrogel-embedded 100-μm-tall microposts with the top 20 μm sticking out 
of the gel. c, Fluorescence images showing the tips before and after being functionalized with 
fluorescein. 

Evaporative deposition on the PDMS mold. To deposit metallic Pt on microfin tips for H2O2 
decomposition, a 100-nm-thick Au (as a sacrificial layer) and a 100-nm-thick Pt layer were 
sequentially deposited on a negative PDMS mold by thermal evaporator.  Such deposition 
resulted in the formation of Pt regions on the bottom of the wells and on the top PDMS surface. 
The top layer of the metal was then removed by scotch tape repetitively in order to retain the 
metals only in the bottom of the wells of the PDMS mold. Polymerization of epoxy within such a 
mold yielded microfin structures with Au/Pt on their tips. Au layer was removed by etching with 
HF, exposing the Pt catalyst on the tips of the epoxy fins. 
 
1.2.4. Formation of a bilayer liquid.  
Aqueous bilayer formation for laminar flow in a microfluidic device. For various cyclic chemical 
reactions triggered by the pH changes shown in Fig. 2 in the main text, a microfluidic channel 
with two inlets of different depths was fabricated on top of the hydrogel-embedded 
microstructures to form a laminar (top/bottom bilayer) flow. As shown in Fig. S2a,b, a 120-μm-
thick polyacrylic double-sided adhesive tape stack with a 0.5 x 8 mm rectangular channel, two 
inlets of 60 and 120 μm deep and one outlet of 120 μm deep cut by laser cutter, was placed on 
top of the microstructures and served as the wall of the channel. The channel was sealed on top 
by a piece of flat PDMS. Reagent solution (specified below) and water were flowed into the two 
inlets through the tubing at flow rates of 20 and 10 μL/min, respectively, which allowed for 
laminar flow through the hydrogel-embedded microstructures. The bilayer liquid interface was 
optimized to match the height of the microfins, by adjusting the flow rates of the two liquids and 
channel height as described above. The interface was determined by the fluorescence intensity of 
the two liquids labeled by two different dyes, fluorescein and Rhodamine B in the upper and 
lower layer, respectively. In the case of the 18-μm-tall microfins, the interface was ~12 μm, as 
shown in Fig. S2c, which corresponds to Fig. 1e in the main text.  
The following bilayer liquids were used to trigger various chemical reactions in pH-responsive 
SMARTS: 

1) For SMARTS with fluorescence quenching: The reagent solution in the upper phase was 0.6 
mol/L KI aq. solution. The lower phase was HCl aq. solution of pH 3 or NaOH aq. solution of 
pH 6, alternatively flowing in the microfluidic channel, in order to drive the periodic actuation of 
hydrogel-embedded microstructures. 

2) For Pt-catalyzed hydrogen peroxide decomposition on SMARTS: The reagent solution was 
0.5% H2O2 aq. solution. The lower phase was the same as in 1) for fluorescence quenching. 
 
 

 
Figure S2. Aqueous bilayer formation and interface study in a microfluidic device. a, 
Schematic of the fabrication process. b, Side-view configuration of SMARTS employing 
microfluidic system for forming bilayer aqueous medium. c, The fluorescence intensity of the 
aqueous solutions labeled with a fluorescent dye, as the function of the height of the bilayer 
liquid in microfluidic channel. The coordinates show the position of the bilayer aq. liquid 
interface around 11-12 μm in Z direction from the bottom of the liquid.  
 
Biphasic systems composed of liquids with different densities. For homeostatic T-stabilizing 
systems shown in Fig. 3 in the main text, where a bilayer was made possible by virtue of 
different density phases (such as an organic phase atop an aq. phase), we used a static biphasic 
system instead of separating the phases with laminar flow. The following bilayer liquids were 
used to trigger various chemical reactions in homeostatic, T-stabilizing SMARTS: 
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inlets through the tubing at flow rates of 20 and 10 μL/min, respectively, which allowed for 
laminar flow through the hydrogel-embedded microstructures. The bilayer liquid interface was 
optimized to match the height of the microfins, by adjusting the flow rates of the two liquids and 
channel height as described above. The interface was determined by the fluorescence intensity of 
the two liquids labeled by two different dyes, fluorescein and Rhodamine B in the upper and 
lower layer, respectively. In the case of the 18-μm-tall microfins, the interface was ~12 μm, as 
shown in Fig. S2c, which corresponds to Fig. 1e in the main text.  
The following bilayer liquids were used to trigger various chemical reactions in pH-responsive 
SMARTS: 

1) For SMARTS with fluorescence quenching: The reagent solution in the upper phase was 0.6 
mol/L KI aq. solution. The lower phase was HCl aq. solution of pH 3 or NaOH aq. solution of 
pH 6, alternatively flowing in the microfluidic channel, in order to drive the periodic actuation of 
hydrogel-embedded microstructures. 

2) For Pt-catalyzed hydrogen peroxide decomposition on SMARTS: The reagent solution was 
0.5% H2O2 aq. solution. The lower phase was the same as in 1) for fluorescence quenching. 
 
 

 
Figure S2. Aqueous bilayer formation and interface study in a microfluidic device. a, 
Schematic of the fabrication process. b, Side-view configuration of SMARTS employing 
microfluidic system for forming bilayer aqueous medium. c, The fluorescence intensity of the 
aqueous solutions labeled with a fluorescent dye, as the function of the height of the bilayer 
liquid in microfluidic channel. The coordinates show the position of the bilayer aq. liquid 
interface around 11-12 μm in Z direction from the bottom of the liquid.  
 
Biphasic systems composed of liquids with different densities. For homeostatic T-stabilizing 
systems shown in Fig. 3 in the main text, where a bilayer was made possible by virtue of 
different density phases (such as an organic phase atop an aq. phase), we used a static biphasic 
system instead of separating the phases with laminar flow. The following bilayer liquids were 
used to trigger various chemical reactions in homeostatic, T-stabilizing SMARTS: 

1) For SMARTS with hydrosilylation reaction: two types of T-responsive hydrogels were used – 
pNIPAAm and pNIPAAm with 5 mol % butylmethacrylate (BMA). The LCST of the gel 
without and with 5% BMA are 32.0 and 27.8°C, measured by Differential Scanning Calorimetry 
(DSC). The hydrosilylation reagent solution was 1-hexene:triethylsilane at 1:1 (by mol, both in 
liquid form). The microstructure tips were functionalized by contact printing the microstructures 
with a flat PDMS stamp inked with H2PtCl6 solution. An 8x8 mm square reservoir was made by 
polyacrylic spacer and encapsulated by placing a cover slip on the top. The hydrogel-embedded 
microfins in the reservoir were immersed in 4.0 μL reagent solution in the top phase and 1 μL 
DIW in the bottom phase. The biphasic liquid interface in a reservoir was studied using confocal 
microscopy, to determine and tune that the interface occurred at such a height that the tips of the 
nano/microstructures were exposed to the top fluid layer when upright and, in contrast, exposed 
only to the bottom fluid layer when bent. In order to extend the lifetime of SMARTS by 
replenishing the reagent solution and water, they were injected at 4:1 v/v ratio through inlets into 
the reservoir at the sixth hour and twelfth hour with an outlet leading the old excessive liquid out 
of the reservoir. For comparison with the neat 1-hexene:triethylsilane reaction, 80% (vol./vol.) 
1:1 (by mol) 1-hexene:triethylsilane in toluene solution and 1:1 (by mol) 1-
hexene:diphenylsilane solution were also used as the top phase in identical conditions.  

2) For SMARTS with cumene hydroperoxide decomposition: The microfins with tips 
functionalized with triphenylcarbenium hexafluorophosphate were immersed in 4.0 μL 40% 
(vol./vol.) cumene hydroperoxide in toluene in the top phase and 1 μL DIW in the bottom phase. 

3) For SMARTS with “click” reaction: The microfins with tips functionalized with 
nitratobis(triphenylphosphine)copper(I) were immersed in 4.0 μL 1:1 (by mol) octyl azide (2.5 
μL) and phenylacetylene (1.5 μL) in the top phase and 1 μL DIW in the bottom phase. 
 
1.3 Characterization:  
1.3.1. Optical imaging and video recording were done on an Olympus IX71 inverted microscope 
using StreamPix v.3 software and QImaging EXi Blue and Evolution VF cameras.  

1.3.2. Scanning electron microscopy. Samples were sputter coated with Pt/Pd for imaging with a 
JEOL JSM 639OLV scanning electron microscope.  

1.3.3. Measurements of the volume of the generated gas. The volume of the gas formed as a 
result of the Pt-catalyzed H2O2 decomposition in Fig. 2f was estimated from the analysis of 
captured optical microscope images of the recorded video (using Image J). 

1.3.4. Microscopic fluorescent imaging and video recording were done on a confocal microscope 
(Leica DMI3000 SP5 TCS) using a 40x oil immersion objective and Avalanche photodiode 
(APD, its signal is proportional to the real light intensity).  

1.3.5. Temperature recording. Time-resolved temperature of SMARTS with exothermic 
reactions was tracked by precision fine wire thermocouples (Omega) connected to a temperature 
controller and a computer, allowing for the measurement accuracy of 0.1C. The curve of time-
resolved microstructure tip position, Z-coordinate, was comprised of data points collected with 6 
s time intervals. 

1.3.6. The LCSTs of the temperature-responsive hydrogels, pNIPAAm and 5% BMA-
pNIPAAm, were measured by Differential Scanning Calorimeter (TA Instruments, Q2000). 
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1) For SMARTS with hydrosilylation reaction: two types of T-responsive hydrogels were used – 
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replenishing the reagent solution and water, they were injected at 4:1 v/v ratio through inlets into 
the reservoir at the sixth hour and twelfth hour with an outlet leading the old excessive liquid out 
of the reservoir. For comparison with the neat 1-hexene:triethylsilane reaction, 80% (vol./vol.) 
1:1 (by mol) 1-hexene:triethylsilane in toluene solution and 1:1 (by mol) 1-
hexene:diphenylsilane solution were also used as the top phase in identical conditions.  

2) For SMARTS with cumene hydroperoxide decomposition: The microfins with tips 
functionalized with triphenylcarbenium hexafluorophosphate were immersed in 4.0 μL 40% 
(vol./vol.) cumene hydroperoxide in toluene in the top phase and 1 μL DIW in the bottom phase. 

3) For SMARTS with “click” reaction: The microfins with tips functionalized with 
nitratobis(triphenylphosphine)copper(I) were immersed in 4.0 μL 1:1 (by mol) octyl azide (2.5 
μL) and phenylacetylene (1.5 μL) in the top phase and 1 μL DIW in the bottom phase. 
 
1.3 Characterization:  
1.3.1. Optical imaging and video recording were done on an Olympus IX71 inverted microscope 
using StreamPix v.3 software and QImaging EXi Blue and Evolution VF cameras.  

1.3.2. Scanning electron microscopy. Samples were sputter coated with Pt/Pd for imaging with a 
JEOL JSM 639OLV scanning electron microscope.  

1.3.3. Measurements of the volume of the generated gas. The volume of the gas formed as a 
result of the Pt-catalyzed H2O2 decomposition in Fig. 2f was estimated from the analysis of 
captured optical microscope images of the recorded video (using Image J). 

1.3.4. Microscopic fluorescent imaging and video recording were done on a confocal microscope 
(Leica DMI3000 SP5 TCS) using a 40x oil immersion objective and Avalanche photodiode 
(APD, its signal is proportional to the real light intensity).  

1.3.5. Temperature recording. Time-resolved temperature of SMARTS with exothermic 
reactions was tracked by precision fine wire thermocouples (Omega) connected to a temperature 
controller and a computer, allowing for the measurement accuracy of 0.1C. The curve of time-
resolved microstructure tip position, Z-coordinate, was comprised of data points collected with 6 
s time intervals. 

1.3.6. The LCSTs of the temperature-responsive hydrogels, pNIPAAm and 5% BMA-
pNIPAAm, were measured by Differential Scanning Calorimeter (TA Instruments, Q2000). 

 

2. Oscillating chemical reactions resulting from externally-driven C1MC2 switching  

2.1. Controllable, cyclic fluorescence quenching using pH-responsive SMARTS 
While cyclic fluorescence quenching was observed upon pH changes in the SMARTS 

carrying KI in the top layer, a control experiment with pure DIW flowing in top layer 
demonstrated that the fluorescence was present on the microfin tips even in the upright position 
at pH 6, as compared to the absence of fluorescence due to the quenching by KI (Fig. S3a). 
Confocal microscopy (Fig. S3b) revealed that fluorescence intensity was instantaneously reduced 
by 80% when quenched in the KI-containing layer.  

 
Figure S3. Switchable fluorescence quenching by KI aq. solution and by water as a control.  
a, 3-D confocal microscopic image of SMARTS when the fluorescence of the fluorescein 
immobilized on microfin tips was quenched by KI aqueous solution (right) compared to 
unquenched fluorescence in the DIW (left) measured at the upright position of the microfins. b, 
Time-resolved fluorescence intensity during the periodic actuating of microfins driven by 
alternating flow of aq. solutions of pH 3 and 6 in the lower liquid phase without (left) and with 
KI  (right) in the top aq. layer of the microfluidic channel. The fluorescence intensity was 
measured using confocal microscopy and quantified from fluorescence intensity at the focal 
plane at the height of the microfin tips when they are upright. 
 
2.2. Pulsed, Pt-catalyzed H2O2 decomposition using pH-responsive SMARTS 

To confirm that the pulsed gas generation observed in SMARTS with Pt-functionalized 
microfins originated exclusively due to the Pt-catalyzed H2O2 decomposition6 when fins were 
upright, rather than decomposition of the relatively less stable H2O2 in the pH 6 environment, a 
control experiment with an identical device without Pt on epoxy microfins was conducted. No 
gas bubbles were observed at any time regardless of pH, as shown in Figure S4.  
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To confirm that the pulsed gas generation observed in SMARTS with Pt-functionalized 
microfins originated exclusively due to the Pt-catalyzed H2O2 decomposition6 when fins were 
upright, rather than decomposition of the relatively less stable H2O2 in the pH 6 environment, a 
control experiment with an identical device without Pt on epoxy microfins was conducted. No 
gas bubbles were observed at any time regardless of pH, as shown in Figure S4.  
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Figure S4. Optical microscope images of SMARTS with H2O2 solution in the top layer 
without Pt on epoxy microfins, showing no gas bubbles were generated when fins were bent (a) 
as well as upright (b). Color here arises from bromophenol blue pH indicator.  
 
 
3. Temperature homeostasis in SMARTS that couple different exothermic reactions with 
T-responsive gels  

3.1 SMARTS utilizing hydrosilylation reactions 
3.1.1. Actuation in biphasic liquid in reservoir. Hexachloroplatinic acid catalyst was deposited on 
the tips of the microstructures, and the organic reagent solution and water formed a stable 
biphasic system in a reservoir (Fig. S5a). To study the configurations of microfins during 
actuation in the biphasic liquid medium, the cross-sections of SMARTS during the self-regulated 
oscillation were observed by confocal microscopy. The series of images in Fig. S5a show that 
the microfins (black regions between the white-colored water labeled with a fluorescent dye) 
indeed had their tips inside the top reagent layer when they were upright and conversely, fully 
immersed in the bottom water layer when they were bent. 
 
3.1.2. Time-resolved self-oscillation study. Fig. S5b shows the changes in the temperature and 
tip positions as the function of time for SMARTS using pure pNIPAAm, which showed 
qualitatively similar behavior to the SMARTS with pNIPAAm that was modified with 5% BMA 
shown in Fig. 3d. The precise synchronization between tip movement and temperature showed 
the excellent responsiveness and well-controlled temperature regulation function. 
 
3.1.3. Reaction progress study. To monitor the reaction progress over its 6-hour lifetime without 
replenishing reagents, the molar concentration changes of both starting reagents 1-hexene and 
triethysilane and the reaction product hexyltriethylsilane were obtained by analyzing the liquid 
from the top layer every hour by gas chromatography. Fig. S5c shows that 87.4% of 1-hexene 
and 88.3% triethysilane have been consumed, generating 83.2% of the product by the time 
SMARTS stopped oscillating. This indicated that the consumption of the reagents is the main 
affecter of its lifetime.  
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Figure S5. Cross-section of SMARTS during actuation in biphasic liquid in a reservoir, 
time-resolved self-oscillation study and reaction progress study. a, Captured confocal 
microscopy fluorescence images of the cross-section of SMARTS showing the configuration of 
microfins during actuation in bilayer liquid in a reservoir, where the white colored part is DIW 
labeled with Rhodamine B in bottom layer and the top layer is a mixture of the non-fluorescent 
hydrosilylation reagents, i.e. 1-hexene and triethylsilane. b, Time-resolved graphs of the 
temperature and vertical projection (Z) of the tips of microfins embedded in a hydrogel of 
unmodified pNIPAAm. c, Changes in the oscillation period and concentrations of 1-hexene, 
triethysilane and hexyltriethylsilane during 95 oscillation cycles. 

3.1.4. Effect of the reactant concentration. It is important to note that the oscillation period 
gradually increases as the reaction progresses. As seen in Fig. S5c, while the average period was 
4.20 min/cycle (Fig. 3c), it increased from the initial value of 3.58 to ~4.50 min/cycle as 
reactants depleted. To further study this phenomenon, the 1-hexene:triethylsilane mixture was 
diluted to 80% (vol./vol.) in toluene (Fig. S6a). This leads to a lower heating rate, and the 
temperature reaches its maximum value of 33.5°C after 2.4 min (about 2.7 times longer than 
with the neat reagents). The lower heating rate results in a slightly longer initial oscillation 
period (3.85 min/cycle, vs. 3.58 min/cycle with neat reaction) and smaller amplitudes in both 
temperature (2.3°C, 31.3-33.5°C) and actuation (~3 μm, tip position Z=~11-14 μm).  

3.1.5. Effect of the reactivity. When a more reactive silane, namely diphenylsilane, is used in the 
place of triethylsilane, the reaction is more vigorous: in comparison to the reactions that use neat 
or 80% triethylsilane, the relatively higher heating rate results in shorter initial oscillation period 
(3.20 min/cycle) and larger amplitudes in both temperature (5.0°C, 30.2-35.2°C) and actuation 
(~7 μm, tip position Z=~9-16 μm) (Fig. S6a). 
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Figure S6. Self-oscillation behavior of SMARTS having different heating rates resulting 
from different types of exothermic catalytic reactions. a, Varying the reactant concentration 
and reactivity of the silane in the hydrosilylation reaction. The graphs show the time-resolved 
temperature and vertical projection (Z) of the tips of microfins embedded in a hydrogel of 
pNIPAAm, using 80% 1-hexene:triethylsilane in toluene and neat 1-hexene:diphenylsilane 
compared to neat 1-hexene:triethylsilane. b, Utilizing different classes of exothermic catalytic 
reactions. The graphs show the time-resolved temperature and vertical projection (Z) of the tips 
of microfins embedded in a hydrogel of pNIPAAm, using cumene hyroperoxide (40% in 
toluene) decomposition catalyzed by triphenylcarbenium hexafluorophosphate, and a “click” 
reaction between octyl azide and phenylacetylene (neat) catalyzed by 
nitratobis(triphenylphosphine)copper(I), in comparison with the behavior of SMARTS with 1-
hexene:triethylsilane (neat). The straight solid and dashed lines, respectively, indicate the LCST 
of hydrogel and the position of the liquid interface. 
 

3.2 SMARTS utilizing cumene hydroperoxide decomposition and a “click” reaction 
To demonstrate the wide scope of the SMARTS platform and its applicability to a variety of 
chemical reactions as the source of continuous, autonomous homeostatic function (C⇄M), we 
utilized different types of exothermic catalytic reactions and studied the resulting self-regulation 
of the temperature in the device. Fig. S6b shows that SMARTS utilizing cumene hydroperoxide 
(40% in toluene) decomposition catalyzed by triphenylcarbenium hexafluorophosphate7, 
compared to the one utilizing neat hydrosilylation reaction of 1-hexene with triethylsilane, 
presents a shorter initial oscillation period (3.28 min/cycle) and larger amplitudes in both 
temperature (4.6°C, 30.0-34.6°C) and actuation (~6 μm, tip position Z=~9-15 μm). The neat 
“click” reaction between octyl azide and phenylacetylene catalyzed by Cu(PPh3)2NO3

8 shows 
similar behavior, with a shorter initial oscillation period (3.45 min/cycle) and larger amplitudes 
in both temperature (3.6°C, 30.6-34.2°C) and actuation (~5 μm, tip position Z=~9-14 μm). The 
observation and detailed analysis of the progresses of these devices were stopped after one hour 
while they were still running. 
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4. Detailed study of the tunability of the homeostatic function using hydrosilylation 
reaction as a test system 

4.1 Effect of the system geometry 

4.1.1. Varied liquid interface height. To study the correlation of the homeostatic performance 
and the liquid interface position, the bilayer interface height was raised from ~12 μm to ~15 μm 
by increasing the amount of water by 1.3 μL, while keeping other conditions the same. With the 
higher interface, the microfins oscillate around the new interface level of ~15 μm with a smaller 
amplitude (~2 μm, tip position Z=~14-16 μm), compared to its original amplitude of ~4 μm, as 
shown in Fig S7a. Importantly, the temperature oscillations are smoothened (1.7°C amplitude) 
around a lower homeostatic point (32.0°C), compared to the original homeostasis around 32.7°C 
with fluctuation in the range of 3.2°C when the liquid interface is ~12 μm high. This 
demonstrates the controllability of the homeostatic function by varying one easily-tunable 
parameter – the position of the liquid interface. 

4.1.2. Varied microstructure dimensions. To study the correlation of the homeostatic 
performance and microstructure dimensions, 14.5-µm-tall microfins (with other dimensions 
matching the original 18.0-µm-tall structures) were used in SMARTS. With the smaller aspect 
ratio of the shorter fins, the actuation slows down and the oscillation period increases to 3.80 
min/cycle (from 3.58 min/cycle), as shown in Figure S7b. Reducing fin height, while keeping the 
liquid interface constant, means higher relative height of the interface for the shorter fin, 
therefore the actuation amplitude decreases to ~2 µm around a lower level of ~11 µm, however 
the temperature amplitude increases to 5°C between 30.2-35.2°C, in agreement with a higher 
effective stiffness of shorter fins. 
 

 
Figure S7. Effect of the SMARTS geometry on the homeostatic characteristics. a, Self-
oscillation behavior of SMARTS having different liquid interface heights. The time-resolved 
temperature and vertical projection (Z) of the tips of microfins embedded in a hydrogel of 
pNIPAAm, with liquid interface at a height of ~15 μm from the base of the microfins, in 
comparison with the original interface at ~12 μm. The straight solid red line indicates the LCST 
of hydrogel and the solid and dashed blue lines indicate the ~12- and ~15-μm-high liquid 
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interfaces. b, Self-oscillation behavior of SMARTS having different microstructure dimensions. 
The time-resolved temperature and vertical projection (Z) of the tips of microfins embedded in a 
hydrogel of pNIPAAm, with 14.5-μm-tall microfins, in comparison with those of the original 
18.0-μm-tall ones. The straight solid red line indicates the LCST of hydrogel and the solid blue 
line – the ~12-µm-high liquid interface. 
 

4.2 Effect of the heating rate studied by utilizing different hydrosilylation reactions 
The heating rate correlates with the reaction exothermicity and the reactant concentration 
discussed in chapter 3.1.4-5 and Fig. S6. Increase in the heating rate results in reduced oscillation 
periods and increased amplitudes in both temperature and actuation. 
 

4.3 Control experiment without a catalyst 
When a control sample carrying no catalyst on the microstructures was externally heated above 
LCST (to 34.1°C), the system simply cooled down to room temperature (22.0°C) in ~8.8 min, 
not being able to maintain the temperature (Fig. S8, dashed line), in stark contrast to the samples 
with catalyst, which showed excellent homeostatic capability (Fig. S8, solid lines). The similar 
initial slope observed in the control sample without a catalyst to those of the functioning samples 
indicates that the reaction occurring in SMARTS switches off almost as soon as the fins bend 
across the liquid interface. It is noteworthy that at the end of the reaction lifetime, the 
homeostatic SMARTS cool down much slower than the control system (~50 min compared to 
the 8.8 min for the control sample without a catalyst). This important observation indicates that 
at the end of the lifetime when fins remained in the upright configuration (Movie 2), the reaction 
was still going on and consuming the remainder of the reagents (Fig. S5c), but was not anymore 
producing enough heat to reach the LCST of the gel and induce the next oscillation cycle. 
 

 
Figure S8. Temperature evolution for a control sample without a catalyst on 
microstructure tips (dashed line), in comparison with the graphs for the sample with catalyst-
functionalized tips. 
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5. Computational modeling of the self-regulated behavior 
We develop a hybrid computational approach to model microstructures (i.e., cilia) that 

are embedded in a thermo-responsive gel and interact with a phase-separated solvent. Below, we 
first describe our model for the gel and then discuss how we introduced the cilia. 
 We use a gel lattice spring model9-12 (gLSM) to describe the elastodynamics of the gel 
layer; this approach is based on the two-fluid model for polymer networks 13-15. The total energy 
of the thermo-responsive gels consists of the elastic energy of the gel’s deformations, elU  , and 
the energy of the polymer-solvent interaction, FHU  . The elastic energy contribution, elU , 
describes the rubber elasticity of the crosslinked polymer chains, and is proportional to the 
crosslink density, 0c , which is the number density of elastic strands in the undeformed polymer 
network. We use the Flory model 14, 16 to specify elU  as: 

)ln3(
2

2/1
31

00 IIvcU el  ,       (1) 

where 0v  is the volume of a monomeric unit, and B̂tr1 I  and B̂det3 I  are invariants of the 
left Cauchy-Green (Finger) strain tensor B̂ .17 The invariant 3I  characterizes the volumetric 
changes in the deformed gel.17  The local volume fractions of polymer in the deformed state,  , 
and undeformed state, 0 ,  are related as follows: 2/1

30
 I .  

We take the energy of the polymer-solvent interaction to be of the following Flory-
Huggins form:  

 )1(),()1ln()1(3   TIU FHFH .    (2) 

Here, )T,(FH   is the polymer-solvent interaction parameter18 that depends on the temperature, 
T. The coefficient 2/1

3I  appears in front of the conventional Flory-Huggins energy because the 
energy density is defined per unit volume of gel in the undeformed state12.  

Using eqs. (1) and (2), one can derive the following constitutive equation for the polymer 
gels12:  

BI ˆvc)̂T,(Pˆ
0

00 
 σ ,       (3) 

where Î  is the unit tensor, σ̂  is the dimensionless stress tensor measured in units of kTv 1
0
 , and 

the isotropic pressure ),( vP   is defined as : 
   1

000
2

10 21  )(vc)T()ln()T,(P  ,   (4) 
We use the following functional dependence of 0  on temperature18    

  kT/sTh)T( 0 .        (5) 
In eq. (5), the parameters h  and s  are the respective changes in the enthalpy and entropy per 
monomeric unit of the network; we set these parameters to the following values18: 

,104.12 14h  and 161074  .s .(These values are based on experimental swelling data 
for poly(N-isopropylacrylamide) (NIPAAm) gels for the relevant range of temperatures18.) 

The dynamics of the polymer network is assumed to be purely relaxational, so that the 
forces acting on the deformed gel are balanced by the frictional drag due to the motion of the 
solvent13. Thus,  the velocity of the polymer network can be found from the force balance 
equation as12: 
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00 .       (6) 

Here, 1
000 ))((  uDvkT   is the dimensionless kinetic coefficient, where uD  is the diffusion 

coefficient of the solvent, and )( 0  is the polymer-solvent friction coefficient when the 
polymer is in the undistorted state (i.e., 0  ). Notably, to derive eq. (6) from the force balance 
equation, the following two assumptions were made12: first, it was assumed that the polymer-
solvent friction coefficient has the following functional dependence on the polymer volume 
fraction13:   2/3

00 /)()(   , and second, that it is solely the polymer-solvent inter-diffusion 
that contributes to the gel dynamics12.  
 Finally, the continuity equation for the volume fraction of polymer is written as 

)( )( p
t
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 ,                                              (7) 

where the velocity )( pv  is given by eq. (6). 
The gel can attain a steady-state if the elastic stresses are balanced by the osmotic 

pressure; a steady-state solution for the polymer volume fraction at a given temperature )(Tst  
can be found from: 
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Here, ))(( Tstosm   is the osmotic pressure (the term in the parentheses in eq. (4)). 
Correspondingly, from eq. (8) one can also calculate the equilibrium degree of swelling at a given 
temperature as 3/1

0 ))(/()( TT stst   .   
 Hence, the gel dynamics is described by eq. (7) with 

)( pv  given by eq. (6); the stress 
tensor σ̂  required to calculate the value  of  

)( pv  is given by eq. (3). When the temperature is 
changed from its initial value, 0T , to a given value T , the above set of equations allow us to 
simulate the dynamics of the gel as it reaches its equilibrium degree of swelling, )(Tst . 

The above evolution equations are discretized and solved numerically using our three 
dimensional gLSM10. Within the framework of this model, a gel layer is represented by a set of 
general lineal hexahedral elements19, 20. Initially, the sample is undeformed and consists of  

)1()1()1(  zyx LLL  identical cubic elements; here iL  is the number of nodes in the i -
direction, zyxi ,, . In the undeformed state, each element is characterized by the same volume 
fraction 0  and crosslink density 0c . Upon deformation, the elements move together with the 
polymer network so that the amount of polymer and number of crosslinks within each hexahedral 
element remain equal to their initial values. The details of the three-dimensional gLSM, as well 
as a validation of the approach can be found in Ref 10. 

Introducing an elastic cilium into the gel network. We assume that the nodes 
comprising a cilium are attached to the gels nodes (see Fig. S9).  We define the cilium energy as  

2
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(9) 
The first term in eq.(9) represents the elastic energy of the harmonic bond between the two 
neighboring nodes (i,j ) within a cilium (see Fig. S9). Here, )(trij  is the length of the bond 
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between these nodes at time t,   is the equilibrium bond length, bk is the spring constant, and the 
summation is taken over all the nodes within the cilium. The second term in eq.(9) represents the 
cosine harmonic angle potential21; here, ijk  is the angle between the two neighboring bonds 
sharing a common node (as marked in Fig. S9), 0  is the equilibrium value of this angle, and the 
constant ak controls the stiffness of the cilium. Note that in the studies below, we set  0 . 
The summation here is taken over all the pairs of bonds sharing a common cilium node. 

 
 

The schematic in Fig. S9 illustrates all the forces acting on the gel/cilium node marked j. 
In the list of forces, (1)-(4) below, the first two contributions arise from the interactions with the 
neighboring gel elements and the second two contributions are due to the interactions with the 
neighboring gel/cilium nodes. (1) Forces marked g

1F  represent spring-like elastic forces acting 
between this node and all the next-nearest neighboring nodes and next-next-nearest neighboring 
nodes (only two of these contributions (blue, dashed arrows) are shown in Fig. S9). Importantly, 
as we showed previously, there are no spring-like forces between the nearest neighboring nodal 
pairs within the pure gel. (2) Force g

2F  (blue, solid) represents schematically the contribution 
from the isotropic pressure (see eq. (4)) within all the gel elements containing this node; this 
force includes both osmotic and elastic contributions.10 (3) Spring-like elastic forces acting 
between the nearest neighboring nodes, c

bF ,  that account for the contribution from the first term 
in eq. (9). These forces act to restore the length of the bond within the cilium to its equilibrium 
length,  . (4)  Force c

aF  accounts for the contribution from the second term in eq. (9). This force 
ensures that an angle between each of the two neighboring bonds sharing a common node 
remains close to its equilibrium value and controls the stiffness21 of the cilium.  

As we noted above, the dynamics of the polymer network is assumed to be purely 
relaxational13; hence, the velocity of node j is proportional to the total force acting on this node 
and is given by12 

i

j

k

ijk

c
bF

tipr

d

c
bF

c
aF

g
1F

g
1F

g
2F

x
yz

Figure S9. Schematic of the elastic cilium (in 
red) introduced into the gel. Green circles 
mark nodes common to the gel and cilium. Blue 
and black arrows represent forces acting on the 
node j due to its interaction with the gel (blue) 
and with the neighboring cilia nodes (black). 
The black circle marks a reactive tip, and the red 
plane marks the position of the reactive layer 
located at a distance h from the substrate. 
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 21 ,                                 (10) 

where )1(/8 0
3

0   
nM  is the nodal mobility10, 12 that depends on the volume fraction 

of polymer,  , averaged over the adjacent elements, and the mobility of the polymer network, 

0 . (Here, we set the linear size of the undistorted element10	 to unity, i.e., 1 .) We 
emphasize that the last two terms in eq. (10) are defined only for the nodes that are common to 
both the cilium and gel; the dynamics of the gel node in the absence of cilium is described by the 
same eq. (10) (see ref. 10) but with 0FF  c

a
c
b . 

Herein, we do not take into account hydrodynamic interactions in the system; hence, 
there is no force acting from the surrounding fluid on the portion of the cilium extending out of 
the gel (and therefore, there is no force acting on the tip of the cilium). Correspondingly, we 
update the coordinates of the tip, tipr , based on the position of the two upper nodes of the cilium 
that are anchored within the gel (these nodes are marked by j and k in Fig. S9), with the 
constraints that: (a) the angle between the two neighboring bonds sharing a common node k (a 
node on the top surface of the gel) remains at all times equal to its  equilibrium value, 0 , and (b) 
that the length of the cilium extending out of the gel remains constant. 

In the simulations described herein, we set the cilium equilibrium bond length to be equal 
to the equilibrium degree of swelling of the gel at the initial temperature, 0T , i.e., at )( 0Tst  . 
As initial conditions for our system, we set the size of a rectangular gel sample to be 

)1()1()1(  ZYX LLL  elements, with the linear size of the element taken to be )( 0Tst ; we 
also set the polymer volume fraction to be uniform throughout the sample and equal to )T(st 0  
(see eq. (8)). The bottom nodes of the gel are anchored to the hard surface and are not allowed to 
move. The nodes along the side faces of the gel are allowed to slide in the z-direction, but are not 
allowed to move in the x- and y- directions (i.e., we are attempting to simulate a portion of a 
much larger system, in which the motion of the side walls would be restricted by its interaction 
with the rest of the gel). The nodes on the top surface, as well as within the bulk of the gel, are 
allowed to swell and deswell freely according to the gel dynamics detailed above.  

We introduce a number of cilia at given locations within the gel; initially (at temperature 
0T ), all the cilia are straight (along the z-direction) with a length d extending over the top surface 

of the gel. Without the reaction, this configuration remains at equilibrium as long as the 
temperature is held at 0T . We introduce a plane that separates the water and the layer of reagents 
at a distance h from the substrate (see red plane in Fig. S9 and in Fig. 4a). We assume that the 
position of this flat plane remains constant throughout the simulation; this assumption is 
supported by experimental observations obtained from confocal microscopy. Furthermore, we 
assume that the exothermic reaction takes place if the tips are located above this plane, so that 
heat is released and the temperature is increased. Namely, at each moment in time, we determine 
the number of tips N above the plane; we then calculate the temperature increase in the system 
during the simulation time step t  as taNTreact   where a  is a constant that depends on the 
amount of heat produced by the reaction (per cilium). In addition, we account for heat dissipation 
throughout the whole system; for simplicity, we assume tTTbTdiss  )( 0  where 0T  is the 
equilibrium (outside) temperature, which we set to be equal to the initial temperature, 0T , and b  
is the  rate constant. Finally, we assume that the temperature changes instantaneously and 
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uniformly across the whole sample. Taking the characteristic thermal diffusivity in the 
hydrogels22 to be approximately s/m. 271032   and taking the characteristic height of the 
sample to be about 50 microns, we estimate that the temperature equilibrates within ~0.01 sec 
across the height of the sample. Hence the process is more than four orders of magnitudes faster 
than the characteristic period of oscillations in the experimental studies and therefore can be 
regarded as instantaneous.  

Model parameters and additional discussion of Fig. 4. The gel shown in Fig. 4 is 
8986   nodes in size and encompasses six cilia, which are initially fixed in an upright position. 

The distance between these cilia is equal to nine elements along the x-direction and the first 
cilium is attached at nodes (12, 3, k) (the node numbering is detailed in Ref. 10). Since the cilia 
are anchored relatively close to the “front” of gel (see Fig. 4), they are predominately influenced 
by the bulk of the gel that lies in the positive y-direction. Hence, when the gel shrinks, the row of 
cilia bends to the “back” of the sample, i.e., in the positive y-direction.  

The volume fraction of the undeformed gel is chosen to be 33.00    and the 
dimensionless crosslink density is 3

00 1068.4 vc . We set 48.01  and use eq.(5) to 
calculate the values of )(0 T , based on the above values of 00vc , 1 , and 0  (as detailed in Ref. 
18). With the above values, we find the equilibrium degree of swelling )(Tst  (via eq. (8)) to be 

33.1st  at the initial temperature CT 022 . We set the equilibrium length of the cilia in the 
unbent state and the position of the reactive layer, h, to be 12.81 and 12.57 dimensionless units, 
respectively. We set the parameters that describe the elastic response of a cilium (see eq. (9)) to 

30bk  and 300ak , and we set the equilibrium bond length,  , to the equilibrium degree of 
swelling as estimated above, i.e., 33.1 . Finally, we set the dimensionless mobility coefficient 
of the gel 11, 12 to be 1000  . With the above parameters, the characteristic relaxation time of a 
small, free cubic gel sample, whose linear size is equal to the height of the gel layer in Fig.4, is 
about 4R  dimensionless units of time. As noted above, the temperature changes are 
dependent on the constants a and b. In particular, the increase in temperature due to the reaction 
is characterized by 2.0a  and the decrease in temperature due to the heat dissipation to 
characterized by 04.0b .  

We take the dimensionless unit of length to be mL 6
0 102  , and thus obtain the 

characteristic height of the gel layer in Fig. 4 to be mH 6.18 ’ the position of the interface 
between the reactive and aqueous layers at mh 14.25 , and the height of the cilia (in the 
unbent state) equal to m62.25 . Hence, the relevant length scales in our simulations are similar 
to the experimental values. Taking into account that the characteristic time scale for gel swelling 
can be approximately related to its size23, 24 through the collective diffusion coefficient of the 
polymer network, Dp, and taking24 1211 sm102 pD , we estimate the characteristic 

relaxation time for a small cubic sample to be sec17/2 pDH . The ratio between this value 

and the dimensionless value of R  given above allows us to estimate the dimensionless unit of 
time in our system to be sT 40  . 

We note that the amplitude of the oscillations observed in the simulations is significantly 
smaller than that found in the experiments. We also observe a smaller period of oscillations in 
the simulations (only about 25 sec according to the scaling provided above), consistent with the 
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smaller amplitude of tip motion. A number of factors can contribute to this perceived difference 
in amplitudes. For instance, the cilia in the simulations are assumed to be infinitely thin posts, 
rather than the relatively wide fins in the experimental systems. Additionally, in the model, we 
neglect the hydrodynamic interactions and assume that the interface between the fluid layers 
remains flat and undistorted at all times. Notably, however, the main features of the cyclic 
behavior seen in the experiments are qualitatively captured in the model, as seen in Fig. 4.  

Additional simulations involving various externally controlled heating and cooling cycles 
about the transition temperature showed that the gel/cilia system exhibits a hysteresis loop, with 
the tip positions being higher with heating and lower with cooling. (It is worth noting that 
numerous studies on hydrogels have reported the appearance of hysteresis loops and a 
corresponding shift in transition temperature during the hydrogels’ swelling/deswelling.25-27) We 
found that the hysteresis loop is wider for the faster rates of heating or cooling and disappears in 
the limit of slow temperature changes. In other words, we observe a bistability in the tip 
positions during the externally controlled heating and cooling cycles when the rates of the 
temperature changes are sufficiently high. Notably, bistability has been shown to play a key role 
in various self-oscillating gels28-31; for example, a bistability in the permeability of a gel 
membrane28, 29 or a spatial bistability in pH-responsive gels30, 31 results in distinct chemo-
mechanical oscillations.  

Additional simulations also show that depending on the arrangements of the cilia, the 
position of the interface between the two layers, or the rate of heating, the system can exhibit 
either self-sustained or transient oscillations or a dynamic steady-state with the tips bent around 
the interface between the two layers. In the next series of simulations, we focus on the effects of 
the position of the liquid plane (Fig. S10a-b) and heating rate (see Fig. S10c) on the oscillatory 
behavior in our system. Below, we discuss these simulation results and compare them with the 
corresponding experimental data given in Figs. S7a (discussion in section 4.1.1) and Fig. S6a 
(discussion in section 3.1.5). 

Figure S10a-b shows the effect of the liquid plane position on the oscillatory behavior. 
We now raise the position of the interface, h, with respect to our reference value (as in Fig. 4); 
the reference and the higher interface positions are marked by the solid and dashed green lines in 
Fig. S10a-b, respectively. In Fig. S10a, we plot the evolution of both temperature, )(tT , and 
position of the tips, )(tztip , for the reference case (solid lines) and for the case with the higher 
plane position (dashed lines) within a few oscillation periods. In both cases, the red lines 
correspond to the temperature (provided on the left axis), and blue lines correspond to the 
positions of the tips (provided on the right axis).  

Figure S10a-b clearly illustrates that the amplitude of oscillations in both the z-coordinate of 
the tips and temperature is lower at the higher interface position (dashed lines) than in the 
reference case (solid lines). This behavior is in agreement with the above experimental 
observations (see Fig. S7a and the corresponding discussion of the experimental data in section 
4.1.1). Moreover, at the higher interface position, the oscillations occur around a somewhat 
lower average temperature, as can be seen from Fig. S10b. (In Fig. S10b, the center of the limit 
cycle corresponding to the higher interface position (red dashed curve) is shifted towards the 
lower temperature.) Again, this behavior is in agreement with the lower homeostatic point 
observed in the experiments at the higher interface position (see Fig. S7a).  

Our additional simulations showed that a further increase in the height of the interface 
position results in transient oscillations and a dynamic steady-state, with the tips bent around the 
interface. The existence of a dynamic steady-state, where the tips of the cilia are localized at the 
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reactive interface and the corresponding temperature remains a constant value (which in turn 
depends on the position of this interface) could be especially advantageous for designing 
artificial homeostatic systems.  

Finally, we demonstrate the effect of varying the rate of heating caused by the reaction 
above the interface position set at the reference value. We vary the heating rate by varying the 
model parameter a  (see above). Figure S10c shows the time evolution of the z-coordinate of tip 
position, )(tztip , (right axis) and temperature )(tT  (left axis) for three different heating rates. 
Here, the red curve for )(tT  and blue curve for )(tztip  correspond to our reference case 
( 2.0a ). In the following series of simulations, we decrease the heating rate to 75%  and  50% 
of its reference value (see the respective black curves for 15.0a  and aqua curves for 1.0a ; 
both )(tT  and )(tztip  are plotted in the same color for a given value of a ). Figure S10c clearly 
shows that the decrease of the heating rate results in a lower amplitude of oscillation in both 
temperature and position of the tips. This corresponds to the experimental observations in Fig. 
S6a (see description in section 3.1.5). Furthermore, Fig. S10c clearly illustrates that the period of 
oscillations increases with the decrease in the heating rates; this increase in oscillation period is 
also in  agreement with the experimental observations described above (see Fig. S6a and the 
description in 3.1.5). 

    

  
Figure S10. Computer simulations of self-sustained oscillations: effects of position of the 
interface between reactive and non-reactive layers (a-b) and heating rate (c). a, Time 
evolution of z-coordinate of tip position, )(tztip , (blue curves, right axis) and temperature )(tT  
(red curves, left axis). Solid curves correspond to the reference case (interface position at 

57.12h dimensionless units, or m14.25  according to the estimates above) and dashed 
curves correspond to the higher interface level ( 584.12h , or m17.25 ). These interface 
positions are marked by the green solid and dashed lines, respectively. b, Phase trajectory, 
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)(Tztip ; the system follows the trajectory from left to right (see arrow). Here, blue curve 
corresponds to the reference case ( 57.12h ) and red dashed curve corresponds to the higher 
interface ( 584.12h ). c, Time evolution of the z-coordinate of tip position, )(tztip , (right axis) 
and temperature )(tT  (left axis) for three different values of heating rates. Red curve for )(tT  
and blue curve for )(tztip  correspond to the reference case ( 2.0a ). Black curves for both )(tT  
and )(tztip  (respective axes are marked by arrows) correspond to a heating rate that is 75% of the 
reference value ( )15.0a . Curves in aqua for both )(tT  and )(tztip  correspond to a heating rate 
that is 50% of the reference value ( )1.0a . 
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