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Abstract 

The ability to program soft materials to undergo observable shape transformations in response to 

environmental stimuli is critical to the development soft programmable matter. In recent years, 

chemomechanical shape-changing hydrogels have garnered interest because they do not require wires or 

batteries and can operate untethered at smaller size scales. Devices comprised of these materials can respond 

to only a limited set of spatially non-specific stimuli such as temperature or pH – and are therefore restricted 

to a small set of final states. On the other hand, due to the large sequence space and programmable interactions 

of DNA molecules, devices comprised of DNA-conjugated hydrogel domains can potentially access a much 

larger set of final configurations through sequence-specific, addressable actuation of individual domains.  

To investigate the shape-changing properties of single domain DNA-conjugated hydrogels, we first 

determine the swelling extent of DNA-crosslinked acrylamide networks in response to sequence-specific 

DNA stimuli. By coupling the DNA crosslinks to a DNA hybridization chain reaction that enables further 

incorporation of DNA to the crosslink sites, we demonstrate that specific DNA molecules can induce up to 

100-fold volumetric hydrogel expansion. This large degree of swelling is then used to actuate approximately 

centimeter-sized gels containing multiple DNA-sensitive gel domains that each change shape in response to 

different DNA sequences. From swelling experiments and finite-element simulations we develop a simple 

design rule for the DNA-controlled shape change of a hydrogel bilayer.  

The next generation of soft programmable matter and robotics will require materials that not only 

respond to distinct chemical species, but mechanical forces as well. Prior work in developing 

mechanochemically responsive polymers makes use of mechanophores – molecules that change 

configuration and initiate chemical reactions in response to mechanical forces – to instill bulk materials with 

force sensing properties. In this work, we use established thermodynamic models to design two DNA 

mechanophore complexes capable of responding to two distinct ranges of applied force. We micromold 

PEGDA copolymer hydrogels containing DNA mechanophore complexes and examine the force-sensing 

properties of the bulk material through the use of a multifunctional force microscope and a DNA-based 

fluorescence reporting scheme.  

Because DNA molecules can be coupled to molecular sensors, amplifiers, and logic circuits, the 

incorporation of DNA complexes into hydrogel networks – whether as mechanophores or chemical 



 iii 

crosslinkers –introduces the possibility of building soft matter devices that respond to numerous, distinct 

inputs and autonomously implement chemical control programs. These soft matter constructs have the 

potential to exhibit the multistage, goal-directed behaviors that are currently impossible to achieve in other 

soft robotic devices.  
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If we knew what it was we were doing, it would not be called research, would it? 
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CHAPTER 1 INTRODUCTION 

Ever since Toffoli and Margolus1 first coined the term “programmable matter,” the scientific 

community has constantly strived to develop new materials capable of dynamically interacting with their 

environment. Today, the term describes any material that can respond to environmental cues – whether 

derived from user input or autonomous sensing – by changing its shape or properties according to a 

predetermined set of instructions.2 With an eye towards how nature achieves this behavior in biological 

organisms, one prominent strategy has been to embed collections of sensors, actuators, and controllers within 

a base material. The role of each of these components is most clearly illustrated in hard robotic devices where, 

for example, a sensor attached to a hard-material framework would detect external stimuli such as light, heat, 

or mechanical force and then transmit this signal via electric wiring to a controller or computational unit. The 

controller would then process this input according to a given set of instructions, i.e., a program, and execute 

the appropriate response via an actuator. For hard robotic devices, actuation can take the form of material 

deformation (e.g., moving stiff appendages via hinges and joints), textural changes, or color alterations, etc.3 

Integration of sensing, computational, and actuation components has produced devices that can sense touch 

and classify different textures,4 detect incoming sound waves and then alert the user as to their direction,5 or 

recognize a user’s physical gestures and respond with changes in color and opacity.6 

While an impressive array of hard robotic devices has been constructed based on the aforementioned 

engineering paradigm of sensors, controllers, and actuators, challenges remain in building devices with 

increasingly complex behavior. For instance, the hard skeletal framework inherent in these devices restricts 

the number of spatial configurations they can occupy, making it difficult for them to change shape, handle 

delicate objects, or traverse rough terrain.7 Along with their physical configurations, there are inherent 

limitations to both the range of stimuli and number of actuation mechanisms they are able to accommodate.3 

Overcoming these limitations through the installation of more sensors and actuators increases the overall 

weight, cost, and fabrication difficulty of the device, and thus limits its applicability. Furthermore, the use of 

additional sensors and actuators increases the challenge of systems-level integration of these components. 

More bandwidth is required to transmit sensor and actuation signals to and from the controller, and more 

memory is required to process incoming and outgoing signals. 
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To surmount some of these challenges, engineers have turned to soft-bodied robotic devices. In 2008 

Trivedi et al. defined these devices – aptly termed “soft robots” – as “continuum robots made of soft materials 

that undergo continuous elastic deformation and produce motion through the generation of a smooth 

backbone curve.”8 The continuous, rather than discrete, deformation possible with base materials such as 

elastomers, hydrogels, and electroactive polymers enables soft robotic devices to access a larger physical 

deformation space and, as a result, achieve more complex motions.7,9,10 For example, in 2011 the Whitesides 

laboratory constructed soft, McKibbon-type actuating devices comprised of channels of pneumatic networks 

(PneuNets).11 The devices were synthesized using two readily available, highly elastic components – 

polydimethylsiloxane and Ecoflex® – and were deformed by supplying pressurized air via plastic tubing. 

While these PneuNet devices were shown to handle delicate objects and traverse challenging terrain, they 

required user input in the form of pressurized air to achieve actuation. This shortcoming was later corrected 

with the development of the “octobot” – a soft robot comprised of the same base materials as the PneuNet, 

but which was autonomously powered by monopropellant fuel and controlled by a microfluidic logic 

component.12 Here, the monopropellant fuel produced the gaseous fluid that strained the pneumatic 

chambers, while the microfluidic logic component controlled the flow of gas to the chambers and was used 

to achieve oscillatory actuation of the octobot arms. The autonomous operation of the octobot represented a 

major leap forward in the field of soft robotics as, quite literally, cutting the wires and tethers that connected 

soft robotic devices to external electric or pneumatic power sources had been a longstanding goal of soft 

roboticists. Yet for all its advancements, the octobot still lacked the stimuli-sensing capabilities necessary for 

a fully autonomous, programmable soft matter device.  

A class of soft materials that engineers have had great success with in demonstrating autonomous 

sensing and stimuli-responsive behaviors are hydrogels, which are broadly defined as physically or 

chemically crosslinked networks of hydrophilic polymers swollen to varying degrees in aqueous 

environments.13 While they behave as an elastic solid, hydrogels are primarily composed of aqueous solvent 

and, as a result, have several major advantages over other soft materials. Perhaps chief among these is their 

compatibility with biological systems such as tissues and cells.14 Their high water content and porosity, along 

with the wide range of developed chemistries one can use to functionalize the hydrophilic polymer networks 

with bioactive molecules (e.g., “click” chemistry), make hydrogels particularly well-suited to host – and 
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interface with – biomolecular-based reaction networks.15 This quality has led hydrogels to find medicinal 

applications in areas such as drug delivery, tissue engineering, and implants.14,16,17  

More importantly, various hydrogel compositions have been shown to exhibit autonomous, stimuli-

responsive behavior to a wide variety of well-defined environmental cues such as light, pH, heat, and 

magnetism.18,19 For example, Yoon et al.20 fabricated hydrogel sheets that, through actuating hydrogel hinges, 

fold into cube and pyramidal shapes in response to either temperature or pH changes. Similarly, Hauser et 

al.21 fabricated hydrogel-nanoparticle composite sheets that locally buckle when selected regions are 

illuminated with white light. The pronounced deformations experienced by these and other hydrogel-based 

devices are primarily due to the tight coupling of sensing and actuation via the dynamics of the polymer 

network: external stimuli change the total free energy of the network, which then causes an uptake or 

expulsion of water molecules from the gel. Whether it’s from a homogenous hydrogel exposed to a spatially 

heterogeneous stimulus (exemplified by Hauser et al.) or a heterogeneous hydrogel exposed to a spatially 

homogenous stimulus (exemplified by Yoon et al.), both of these devices demonstrate that even a single 

stimulus can cause hydrogel devices to undergo complex shape transformations. 

While hydrogels have been demonstrated to undergo two or three shape transformations in response 

to distinct stimuli,22 they are ultimately limited in the number of conventional signals they are able to sense. 

But what if an engineer wanted to build a hydrogel-based soft robotic device capable of extraordinarily 

complex shape transformations – behavior that would require a device to recognize hundreds of different 

stimuli and respond with hundreds of different actuation responses? Not only would this device need to be 

comprised of many more distinct domains than what has been previously fabricated, it would have to possess 

sophisticated computational abilities to process the multitude of input signals. To begin our journey 

answering this question, we restricted our engineering efforts to chemoresponsive hydrogels due to the large 

compositional space of molecules and their interactions. For the chemical signals that would interface with 

our chemoresponsive hydrogels, we turned to DNA due to its demonstrated ability to store information, form 

molecular circuits, and perform computations.23,24 

Biological organisms interact with their environment through complex and tightly regulated 

molecular networks that sense chemical stimuli, perform computations, and release chemical signals.25 Much 

of these interactions are rooted in the capacity of deoxyribonucleic acid (DNA) to encode genetic information 
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and interact with other biomolecules. DNA’s role as information-carrying molecule was first suggested upon 

the discovery of its three-dimensional structure by James Watson, Francis Crick, and Rosalind Franklin in 

1953.26 In their landmark Nature article, Watson and Crick posited what is now known as Watson-Crick 

complementarity: adenine (A) bonds to thymine (T), while guanine (G) bonds to cytosine (C), which they 

believe suggested “a possible copying mechanism for the genetic material,” and enabled it to store 

information. The central role of DNA in biology led the scientific community to immediately undergo an 

enormous effort studying its chemical and physical properties. Techniques such as calorimetry27 and 

spectroscopy28 were used to determine the standard enthalpies and entropies of oligonucleotide duplex 

formation. The accumulation of thermodynamic data eventually led to the formation of nearest-neighbor 

(NN) models which predict the free energy of formation of DNA complexes based solely on the sequences 

of the individual strands.29 Together with certain computational techniques, these NN models are at the heart 

of tools such as NUPACK30 and Mfold31 that can predict the equilibrium concentrations and secondary 

structure of oligonucleotide complexes at given set of temperature and salt conditions. 

As thermodynamic properties and basepairing models began to emerge, starting in the 1980s 

scientists began to view DNA as a potential, if not ideal, engineering material. As first demonstrated by 

Nadrian Seeman,32 the Watson-Crick base pairing rules, thermodynamic properties, and measurement of the 

physical dimensions of DNA molecules enabled the rational design of complex DNA nanostructures. 

Furthermore, beginning with the landmark 1994 study of Leonard Adleman in which he used DNA as a 

substrate to compute the solution to a seven-city Hamiltonian path problem,33 the potential of DNA to 

perform computations and control molecular systems began to be realized. In the following years Boolean 

logic gates,34 circuits,23 and even neural networks,24 would be constructed entirely out of DNA. Central to 

these molecular devices is the DNA-based strand displacement reaction: a process by which a single-stranded 

DNA species is displaced from its original complex by the hybridization of another DNA strand.35 These 

reactions are often mediated by the binding of single-stranded domains called “toeholds”36 and proceed as 

follows: (1) the single-stranded toehold domains in the initial DNA complex and single-stranded DNA 

species hybridize, (2) a branch migration process follows where domains in the incoming and originally 

bound strand compete for the same complementary regions, and (3) the originally bound strand is fully 

displaced from the DNA complex. These reactions are thermodynamically driven by the decrease in free-
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energy that accompanies DNA hybridization and have been show to possess kinetic tunability36 via 

modification of the toehold length and composition. 

The large sequence space of DNA, along with its well-studied thermodynamic properties, eventually 

led the engineering community to employ DNA-based molecular systems to modulate the behavior of 

macroscale materials – including hydrogels. Nagahara and Matsuda initiated this body of work with their 

1996 study demonstrating hydrogel formation via the hybridization of polyA and polyT oligonucleotide 

complexes covalently bound to separate poly(N,N-dimethylacrylamide) macromers.37 Furthermore, thermal 

denaturation of the DNA crosslinker complex conferred thermoresponsive behavior onto the bulk gel 

material. Next, Murakami et al. took advantage of the sequence specificity of DNA-based reactions and 

demonstrated a roughly 20% increase in volume of DNA-acrylamide copolymer hydrogels in response to 

sequences that paired with the stem and loop regions of the ssDNA hairpin crosslinkers.38 In their study 

DNA-acrylamide copolymer gels treated with non-complementary ssDNA showed little to no volume 

change. In another set of studies, Lin et al. employed a three-strand DNA crosslinker complex to tune 

mechanical properties in DNA-acrylamide copolymer gels through the addition of sequence-specific 

oligonucleotides. Toehold-mediated DNA strand displacement reactions between the DNA crosslinker and 

added ssDNA were used to either modify the stiffness39 or decrease the crosslink density40 of the bulk gel. 

The crosslinker designs used by Lin et al. are the main inspiration for the work presented in Chapter 4 of this 

thesis. 

The aforementioned DNA-responsive hydrogels – while advancements in their own right – did not 

possess the mechanical properties required for a multidomain, DNA-programmable soft robotic device. 

Specifically, these materials did not possess the high degree of swelling necessary to drive mechanical 

deformation of would-be neighboring hydrogel domains. To fill this gap, we set out to develop a novel DNA 

copolymer hydrogel material capable of large-degree swelling in response to DNA stimuli. But first, in 

Chapter 2, we demonstrate the programmability of DNA-based molecular interactions through the 

construction of a DNA timer circuit. Using simple mass action kinetic principles and DNA strand 

displacement reactions, we program the release of target DNA sequences at a constant rate and with a tunable 

delay period. In Chapter 3, the heart of this thesis, we employ a previously developed DNA hybridization 

cascade reaction to swell DNA-crosslinked polyacrylamide gels up to 100 volumetric-fold. Standard 
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photolithographic techniques were used pattern multidomain gel structures that undergo different shape 

transitions in response to different sequences. A simple design rule for the actuation of hydrogel bilayers was 

formulated and verified using a previously-developed constituitive model for hydrogel swelling and 

deformation. Next, Chapter 4 of this thesis details the DNA crosslinking schemes that were investigated prior 

to the one discussed in Chapter 3. These schemes, largely based on the work of Lin et al.,39,40 were never 

shown to achieve uniaxial swelling greater than roughly twenty percent, far lower than what we predicted 

was necessary to swell a multidomain hydrogel architecture. Lastly, in Chapter 5 we detail the construction 

of DNA-based force sensor complexes and the initial efforts undertaken to synthesize and characterize a 

force sensing DNA copolymer hydrogel. This thesis concludes in Chapter 6 with a discussion of potential 

applications of, and improvements to, the research described in Chapters 3 through 5. 
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1.1 CONTRIBUTIONS 

Chapter 2 
A version of Chapter 2 was published: 
 
Fern, J.; Scalise, D.; Cangialosi, A.; Howie, D.; Potters, L.; Schulman, R. DNA Strand-
Displacement Timer Circuits. ACS Synth. Biol. 2017, 6 (2), 190–193. 
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Rebecca Schulman planned the experiments and wrote the paper. Experiments for a previously 
submitted version of the paper were carried out by Angelo Cangialosi. 
 
 
Chapter 3 
A version of Chapter 3 was published: 
 
Cangialosi, A.; Yoon, C.; Liu, J.; Huang, Q.; Guo, J.; Nguyen, T. D.; Gracias, D. H. DNA Sequence 
– Directed Shape Change of Photopatterned Hydrogels via High-Degree Swelling. Science. 2017, 
357 (6356), 1126–1130. 
 
Angelo Cangialosi, Chang Kyu Yoon, and Qi Huang carried out the experiments; Angelo Cangialosi 
analyzed the data. Experiments were designed by Angelo Cangialosi, Chang Kyu Yoon, Rebecca 
Schulman, David Gracias, and Thao (Vicky) D. Nguyen; Simulations were designed and performed 
by Jingkai Guo, Jiayu Liu, and Vicky Nguyen. The paper was written by Rebecca Schulman, Angelo 
Cangialosi, David Gracias, Vicky Nguyen, and Jiayu Liu. 
 
 
Chapter 4 
Angelo Cangialosi and Chang Kyu Yoon performed the experiments; Angelo Cangialosi analyzed 
the data. Experiments were designed by Angelo Cangialosi, Chang Kyu Yoon, Rebecca Schulman, 
David Gracias, and Thao (Vicky) D. Nguyen. 
 
 
Chapter 5 
Experimentation with respect to the contents of Chapter 5 is still ongoing. Experiments shown in 
Chapter 5 were planned by Angelo Cangialosi, Rebecca Schulman, Jiayu Liu, Vicky Nguyen, Joelle 
Frachette, and Paul Roberts. Experiments were performed by Angelo Cangialosi, Jiayu Liu, Paul 
Roberts, and Lei Zhang. The Arruda-Boyce model was developed by Vicky Nguyen, Jiayu Liu, and 
Zheng Jia; subsequent calculations and modeling of the polymer network mechanical properties 
were performed by Jiayu Liu in consultation with Rebecca Schulman and Vicky Nguyen.  
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CHAPTER 2 DNA STRAND-DISPLACEMENT TIMER CIRCUITS 
 
SUMMARY 

Chemical circuits can coordinate elaborate sequences of events in cells and tissues, from the self-

assembly of biological complexes to the sequence of embryonic development. However, autonomously 

directing the timing of events in synthetic systems using chemical signals remains challenging. Here we 

demonstrate that a simple synthetic DNA strand-displacement circuit can release target sequences of DNA 

into solution at a constant rate after a tunable delay that can range from hours to days. The rates of DNA 

release can be tuned to the order of 1-100 nM per day. Multiple timer circuits can release different DNA 

strands at different rates and times in the same solution. This circuit can thus facilitate precise coordination 

of chemical events in vitro without external stimulation. 

2.1 INTRODUCTION 

While gene networks in cells can orchestrate intricate processes by modulating gene expression to 

release a series of target molecules at specified times,41,42 synthetic in vitro biochemical protocols commonly 

involve manual steps performed by an experimenter, in which reagents are added, filtered, heated or 

otherwise altered. Artificial mechanisms to automate the temporal release of trigger molecules would make 

it possible to direct sequential events without the need for external stimulation. Further, the timed release of 

molecules using such a process could act as a trigger to control acellular self-assembly processes,43–45 

multistep reaction cascades,46 or to time the release of signaling molecules or other reagents in cell culture.47–

49 

In this chapter, we build a chemical timer circuit that releases a target sequence of DNA at a constant 

rate from DNA complexes after a tunable delay period. In contrast to previously designed synthetic in vitro 

transcriptional timer circuits,50 our timer is controlled solely by DNA strand-displacement processes, which 

have previously been used to perform diverse information processing tasks including Boolean logic,23,34,51–53 

signal amplification,54–57 neural network computation24 and oscillatory signal generation.58 The timer circuit 

is designed such that the strand that is released can be coupled to many of these systems in their present form, 

suggesting that timer circuits will make it possible to activate elaborate information processing tasks at 

specified times. Further, a design based on strand displacement reactions alone should allow the circuit to 
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operate in a variety of buffers and at a variety of temperatures without redesign.55 The timer circuit works by 

suppressing the release of a single-stranded DNA molecule for a delay period, after which the molecule is 

allowed to increase in concentration at a constant rate. We show how to design a timer circuit within an 

abstract chemical reaction network, and then describe an implementation of the abstract network using a 

simple set of DNA molecules that interact through strand-displacement reactions. Next, we investigate the 

range of delay periods and release rates that are possible using our circuit, and finally demonstrate that 

multiple timer circuits can operate within the same solution. Throughout this chapter, all supplemental figures 

and tables are listed in § 2.5 and are denoted by a “S” before the figure/table number (e.g. Figure S2.5.1 is 

the first supplemental figure). 

2.2 RESULTS & DISCUSSION* 

The timer circuit consists of two simultaneous abstract chemical processes: production (Eqn.  2.1) 

and delay (Eqn.  2.2): 

 
∅𝑆𝑜𝑢𝑟𝑐𝑒

𝑘𝑝𝑟𝑜𝑑
→    O (2.1) 

 
O + D

𝑘𝑑𝑒𝑙𝑎𝑦
→     ∅𝑊𝑎𝑠𝑡𝑒  (2.2) 

In the production process, the output O is released by a zero-order reaction at a constant rate 𝑘𝑝𝑟𝑜𝑑. 

In the delay reaction, O is rapidly converted into inert waste when it reacts with a delay species D. If 

𝑘𝑑𝑒𝑙𝑎𝑦[O][D] ≫𝑘𝑝𝑟𝑜𝑑, O cannot accumulate until all of D has been depleted (Figure 2.1). 

We call the time during which O cannot accumulate the delay time, 𝑡𝑑𝑒𝑙𝑎𝑦 , which is the time needed 

to produce enough O to consume all of the D that is initially present: 

 
𝑡𝑑𝑒𝑙𝑎𝑦 =

[D]0
𝑘𝑝𝑟𝑜𝑑

 (2.3) 

This time can be easily tuned by changing the initial concentration of D. 

During the delay period, [O] remains very small because any molecules of O that are produced are 

rapidly removed. After D is depleted, however, [O] increases linearly with time. The approximate 

concentration of free O is therefore: 

                                                      
* Throughout this chapter, all supporting figures and tables are listed in § 2.5 and are denoted with a “S” before the figure/table 
number (e.g. Figure S2.1 is the first supporting figure of the supporting information section). 
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reactions without a mediating toehold.36,61 A 2 bp clamp (green in Figure 2.2b) inhibits some undesired 

interactions between S and D while ensuring that the reaction between O and D remains strongly forward-

biased. Clamps with only 1 bp may not reliably prevent interactions at that end and clamps with greater 

numbers of bases (e.g., 5 bp) are expected to strongly decrease the sequestering ability of the thresholding 

device due to reaction reversibility.34,55 

To monitor the reaction’s progress, we also include a reporter complex modified with a fluorophore 

and an associated quencher to track the concentration of free O over time. This complex reacts reversibly 

with the output strand on a time scale much faster than the production reaction, but slower than the delay 

process, and produces fluorescence as a function of [O] at a given time (Figure 2.2c). The concentration of 

O is related to the fluorescence levels using a calibration curve (Fig. S2.1).62,63 To build a timer circuit, the 

source complex S and the delay complex D are initially combined and the timer is triggered upon the addition 

of the initiator strand I. To demonstrate that the individual reactions performed as desired and determine how 

the production rate varied with initial concentrations of S and I, we tested each reaction in isolation at 25 °C 

(Figure 2.3a,b, § 2.5.2). To test the production reaction, we varied [S]0 =[I]0 from 0.25 μM to 2 μM (Figure 

2.3a) and determined the average 𝑘0𝑏𝑝 to be 0.49 ± 0.13 M−1 s−1 (Table S2.1) which is in good agreement 

with previous estimates.36,61 We calculated, using [S]0 and [I]0, that 𝑘𝑝𝑟𝑜𝑑 varied from 0.15 to 4 nM/hour 

over the range of concentrations tested (Table S2.1). When the delay reaction was tested in isolation, the 

delay complex sequestered free O, resulting in a sudden decrease in output detected by the reporter (Figure 

S2.7). The decrease in [O] matched the concentration of D added to the reaction solution (Figure 2.3b).  

To characterize the delay time before S begins accumulating as a function of [D]0 (Eqns 2.3 and 

2.4), we varied [D]0 while keeping the production rate (determined by [S]0 and [I]0) constant. O remained 

low for a delay period that increased with [D]0 (Figure 2.3c). For each trial, we used linear least-squares 

fitting to identify the portion of the production regime with the steepest slope (§ 2.5.3) and used the slope 

and y-intercept of this fit to calculate the delay time. This method allowed us to measure the delay time 

without being affected by the ramp up in release that occurs because small amounts of D are still present 

when release noticeably begins. We observed that the delay time varied linearly with respect to the initial 

concentration of D (Figure 2.3d). We also tested two other timer circuits with lower initial concentrations of 

S, I and D, and obtained systems with similar delay times but slower rates of output release (§ 2.5.3). 
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combining it with a threshold amplifier system such as those used for signal restoration in molecular logic 

circuits.23,68 

2.4 MATERIALS & METHODS 

The timer circuit was designed following the principles outlined in reference 14. Sequences for each 

domain were drawn from Table S1 of the Supporting Online Material for reference 14 and are listed here in 

Table 1. Domains S6 and S5 listed below correspond to Domains 1 and 2 depicted in Figure 2.2 of the Main 

Text and Figure 2.5. The toehold (t) domain of System 2 was designed to have minimal non-specific 

interactions with the sequences of both systems using NUPACK.30 Domain names and sequences are listed 

5’ to 3’. Additional schematics of the DNA complexes and the reactions are shown in § 2.5.2. 

Table 2.1 Sequence Data 
Strand Names Domain Names Sequences 
Source 1 Top S6 t S5 CA TAACACAATCA CA TCT CA CCACCAAACTT CA 
Source 1 Bottom t' S6' TG AGA TG TGATTGTGTTA TG 
Initiator 1 S6 t CA TAACACAATCA CA TCT CA 
Delay 1 Top S5 CA CCACCAAACTT CA CT 
Delay 1 Bottom S5' t' S6' (2nt) AG TG AAGTTTGGTGG TG AGA TG TG 
Reporter 1 Top S5 t Quencher CA CCACCAAACTT CA TCT CA/3IABkFQ/ 
Reporter 1 Bottom FAM t' S5' t' /56-FAM/TG AGA TG AAGTTTGGTGG TG AGA TG 
Reporter 1 Full Complement t S5 t CA TCT CA CCACCAAACTT CA TCT CA 
      
Source 2 Top S27 t S28 AC AACACTCTATT AC AAT AC TCTACAATTCA AC 

Source 2 Bottom t' S27' GT ATT GT AATAGAGTGTT GT 
Initiator 2 S27 t AC AACACTCTATT AC AAT AC 
Delay 2 Top S28 AC TCTACAATTCA AC CA 

Delay 2 Bottom S28' t' S27' (2nt) TG GT TGAATTGTAGA GT ATT GT AA 
Reporter 2 Top S28 t Quencher AC TCTACAATTCA AC AAT AC/3IABRQSp/ 

Reporter 2 Bottom TexasRed t' S28' t' /5TexRd-XN/GT ATT GT TGAATTGTAGA GT ATT GT 

Reporter 2 Full Complement t S28 t AC AAT AC TCTACAATTCA AC AAT AC 
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of each gel. Fifteen percent polyacrylamide gels were prepared in a similar fashion except with a 

corresponding higher fractional volume of 40% acrylamide/bis stock solution. Two hundred microliters of 

annealed DNA complexes were mixed with 6x loading dye (New England Biolabs, product #B7021S) and 

loaded into the wells of the gels in a Scie Plas TV100K cooled vertical electrophoresis chamber. The gels 

were run at 150V and 4°C for 1.5 or 3 hours for 10% and 15% polyacrylamide gels. Reporter and Delay 

complexes were purified using 10% gels and the Source complex was purified using 15% gels. After running 

for the appropriate time, the bands were cut out using UV-shadowing at 254 nm for visualization. Bands 

were diced into ~1 mm3 pieces, mixed with 500 µL of 1x TAE/Mg++ buffer and were shaken on a vortexer 

overnight at room temperature. The DNA solutions were then transferred by pipet to a fresh tube leaving 

behind the gel pieces. The solutions were centrifuged for 5 minutes at 3000xg to precipitate any remaining 

gel pieces. The DNA solutions were transferred to a new tube and stored at 4°C until use. The concentrations 

of these purified complexes were then measured with an Eppendorf Biophotometer with a dilution factor of 

30x using the approximate extinction coefficient (ε): 

εFinal  =  ε𝑇𝑜𝑝−𝑠𝑡𝑟𝑎𝑛𝑑 + ε𝐵𝑜𝑡𝑡𝑜𝑚−𝑠𝑡𝑟𝑎𝑛𝑑 − 3200𝑁𝐴𝑇 − 2000𝑁𝐺𝐶   

where N indicates the number of hybridized A-T or G-C pairs in each complex.69  

Reaction kinetics were measured on quantitative PCR (qPCR) machines (Agilent Stratagene 

Mx3000 and Mx3005 series) at 25°C. Reactions were prepared in 96-well plates using 150 µL/well volumes. 

Each well contained 1x TAE/Mg++ and 2 µM PolyT20 strands to help displace reactant species from the pipet 

tips used to add species and potentially from the well walls. In a typical experiment, Millipore-purified H2O, 

TAE/Mg++ and PolyT20 strands were first mixed together. Reporter complexes were then added at 100 nM 

for System 1 or 200 nM for System 2. Baseline fluorescent measurements of the Reporter complex alone 

was conducted for each experiment for 0.5 to 1 hour with measurements every 1 to 10 minutes. This baseline 

was taken to be where the [Output] is equal to zero as detected by the Reporter and was subtracted from all 

subsequent data. After measuring this baseline, DNA strands or complexes were added to each well, 

depending on the experiment (see § 2.5.1-2.5.4). Fluorescence measurements were taken every 1-5 minutes 

for Delay characterization or every 5-10 minutes for Production characterization and Timer experiments. 
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2.5 SUPPORTING INFORMATION (SI) 

2.5.1 Reporter Calibration 

The Reporter complex (Figure 2.2c) was used to indirectly measure the concentration of the single-

stranded Output strands in solution as a function of time. A Reporter that reacts reversibly with the Output 

species was used as an irreversible reporter could compete with the Delay species. The reporter follows the 

reaction: 

 
Reporter + Output  

𝑘𝑓
⇌
𝑘𝑟

 Fluorophore + Quencher  (S2.1) 

where the quencher-modified top strand of the Reporter complex is displaced by an invading strand 

causing in increase of fluorescence. The forward reaction rate constant, kf, is expected to be around 5x104 M-

1s-1.36 Two calibrations were conducted to translate measured fluorescence intensities to levels of free Output 

concentration for each experiment. It was assumed that the measured fluorescence was proportional to the 

concentration of unquenched fluorophore, [Fluoro.] (e.g. Fluorophore in Eqn. S2.1), through a 

proportionality constant α. To determine α, we measured the fluorescence of the Reporter complex with 

known concentrations of the full complement (FC) to the bottom strand of the Reporter (see Table 2.1) and 

measured the change in fluorescence before and after addition of the complementary strand (Figure S2.1). In 

general, we used the equation 

 [FC]= α*ΔFluorescence+β (S2.2) 

for [FC] equal to 0, 25, 50, 75 and 100 nM. In the ideal case, β is equal to zero. Alpha was 

determined by calculating the slope after fitting a line to [FC] vs. ΔFluorescence (Figure S2.1). This 

calibration enables the normalization of all fluorescence data into [Fluoro.]. Additionally, Figure S2.1 shows 

that photobleaching of the fluorophores are not a significant factor in measuring fluorescence as seen by the 

stable, non-decreasing intensity values. 

http://en.wikipedia.org/wiki/Chemical_equilibrium
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complexes with these variations as the subspecies SLeak. These complexes would not have been separated 

from pure S complex during the purification process because their electrophoretic mobility is very similar to 

that of S.  

We also observed that some leftover O remained after the gel purification process due to the 

proximity of the bands in the gel. Purifying S using a 15% polyacrylamide gel instead of a 10% gel 

significantly reduced the level of pre-initiation O detected, but some may still remain in the purified S 

complex solution. The leftover O and SLeak complex are also expected to interact with the Delay complex for 

timer circuit reactions. We also considered a leak reaction between the Initiator and the Delay complex since 

there are 7 complementary nucleotides for a transient hybridization. The schematic shown in Figures S2.18-

S2.20 shows the possible leak reactions considered here. Unless specified in the figure captions, reaction rate 

constants for these reactions were taken from Zhang and Winfree,36 or fit using the bimolecular rate equation 

shown in SI 2.5.2 and Figure S2.5. This approach of choosing reaction rate constants supports a physical 

representation of the postulated reactions and provides consistency with studies of other DNA strand-

displacement reactions. 

While the reactions described above may account for the unintended reactions that occurred within 

the timer system, including these reactions in a model still predicted significantly different time delay values 

than what were observed experimentally. To account for the decreased time delay observed in experiments, 

we added a small leak reaction between pure Source complexes and Delay complexes. While such a reaction 

would be expected to occur with a rate constant smaller than k0bp, a reaction rate constant of k1bp was needed 

to account for the large decrease in delay time. As noted in § 2.5.2, we found that a reaction between SLeak 

and I produced a better fit to the production dynamics. However, we would not expect this reaction to occur 

since S and I are incubated prior to PAGE purification of the S complex, any S species that would quickly 

react with I would be removed. Figure S2.19 shows an example comparison between experimental data 

(System 1, [S]=[I]=1 µM) and the resulting model prediction. While these reactions are only a possible 

description of the interactions between the DNA species, they show that an understanding of the reaction 

behavior is possible through the incorporation of leak pathways. We found that incorporation of each of these 

leak pathways into our model, using previously published rates and the fitted parameters of [SLeak], kS,Leak and 

k0bp as described in § 2.5.2 (no additional fitting parameters were required) produced quantitative agreement 
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CHAPTER 3 DNA SEQUENCE-DIRECTED SHAPE CHANGE OF 
PHOTOPATTERNED HYDROGELS VIA HIGH-DEGREE SWELLING 
 
SUMMARY 

Shape-changing hydrogels that can bend, twist, or actuate in response to external stimuli are critical 

to soft robots, programmable matter, and smart medicine. Shape change in hydrogels has been induced by 

global cues, including temperature, light, or pH. Here we demonstrate that specific DNA molecules can 

induce 100-fold volumetric hydrogel expansion by successive extension of crosslinks. We photopattern up 

to centimeter-sized gels containing multiple domains that undergo different shape changes in response to 

different DNA sequences. Experiments and simulations suggest a simple design rule for controlled shape 

change. Because DNA molecules can be coupled to molecular sensors, amplifiers, and logic circuits, this 

strategy introduces the possibility of building soft devices that respond to diverse biochemical inputs and 

autonomously implement chemical control programs. 

3.1 INTRODUCTION 

If one region of a material shrinks or swells in response to a chemical or physical stimulus, the 

material can change shape to minimize its overall free energy.18,70–72 The ability to addressably deform 

different material regions can thus allow a material to take on many shapes. This principle has been used to 

create metamorphic materials9 or soft robots11  in which embedded wires direct local mechanical 

deformations.2,9,11 However, wires add bulk and require batteries or tethering. In contrast, 

chemomechanically responsive materials swell or shrink in response to chemical rather than electrical or 

pneumatic signals. Chemicals can diffuse over large distances and into small or tortuous spaces, and the huge 

number of chemicals that can be synthesized offers unprecedented tunability and specificity. 

Chemomechanical devices require no batteries and can easily be miniaturized and integrated with other 

devices. 

Stimuli such as temperature, light, electromagnetic stimuli, or pH have commonly been used to 

direct shape change.18,70–72 These nonspecific stimuli can induce chemical or conformational changes 

throughout a material, leading to substantial swelling or shrinking. However, this lack of specificity also 

means that these stimuli cannot produce addressable control comparable to that in wired systems. We sought 
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to determine whether we could build a combinatorial library of biomolecules, such as DNA sequences, where 

each species would direct the swelling of a specific material domain. 

3.2 RESULTS & DISCUSSION* 

We focused on hydrogels, crosslinked networks of polymers in water, where structural changes can 

cause extensive expansion or contraction of the material as a whole. To study biomolecular actuation, we 

considered DNA–crosslinked polyacrylamide hydrogels (Figures 3.1A and S3.1).37 DNA hybridization 

exchange processes can direct the release of particles73 or melt, form, or stiffen these gels.39,74,75 Hybridization 

exchange can also induce size or shape changes of DNA-linked nanostructures,76 thin films,77 and colloidal 

crystals.78–80 However, although the exchange of a DNA strand can cause DNA–crosslinked gels to swell by 

10 to 15%, this amount is typically insufficient to change the shape of macroscale gel architectures (Figure 

S3.2).38,81 

                                                      
* Throughout this chapter, all supporting figures, tables, and movies are listed in § 3.6 and are denoted with a “S” before the 
figure/table number (e.g. Figure S3.1 is the first supporting figure of the supporting information section). 

Figure 3.1 DNA-directed expansion of DNA-crosslinked polyacrylamide gels. (A) DNA–cross-linked 
polyacrylamide hydrogels (see ref. 42). Hairpins can insert into cross-links, inducing hydrogel expansion. (B) Schematic 
of cross-link C–C′ extension by hairpins H1 and H2. Colors indicate domain type and its complement. Thin black lines 
indicate polyacrylamide. (C) Polymerizing hairpins allow the insertion of additional monomers, whereas terminator 
hairpin monomers (denoted by “T”) leave a site with which no monomers can interact.  
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Hence, a critical challenge in making DNA-triggered shape-changing hydrogels was to substantially 

increase the degree of swelling. We postulated that swelling would increase if we lengthened crosslinks 

successively using a DNA hybridization cascade in which multiple DNA molecules are inserted into a 

duplex82,83 (Figure 2.1A and B). To test this theory, we designed DNA sequences (hereafter referred to as 

“system 1”) consisting of hydrogel crosslinks and corresponding hairpins (H1 and H2) for the cascade. 

Another challenge to enable addressable control was to reproducibly fabricate well-defined, 

multimaterial DNA hydrogel shapes capable of arbitrary shape change in three dimensions. We thus 

developed a photolithography process to pattern DNA hydrogels into precisely defined architectures. 

Although numerous photolithographic processes for silicon-based devices exist, protocols for 

photopatterning DNA hydrogels are largely absent, and the patterning process presents distinctive challenges. 

The moduli of DNA–crosslinked hydrogels are orders of magnitude lower than those of silicon or even many 

polymers (Figure S3.3); additionally, these hydrogels tend to adhere strongly to untreated glass and 

photomasks. Further, the ultraviolet light typically used for photopolymerization can damage DNA. We 

developed a process in which an optimized amount of light exposure drives fabrication to reduce DNA 

damage. Further, we created a process where structure thickness is controlled by solid spacers sandwiched 

between glass slides and a CAD-designed chrome mask with coatings and sacrificial layers that enable liftoff 

(Fig. 3.2A) (see § 3.4 Materials & Methods). Structures with lengths and widths on the millimeter to 

centimeter scales and thicknesses from 15 to hundreds of micrometers with multiple domains could be 

patterned serially using mask alignment with registry to underlying layers (see § 3.4). Multiple structures 

could be fabricated in parallel, and after fabrication, structures were stable in buffer at 4°C for at least 4 

months (Fig. S3.4). 

We fabricated hydrogel squares (dimensions: 0.06 mm by 1 mm by 1 mm) that contained system 1 

cross-links (see § 3.4). In the presence of system 1 hairpins, the hydrogels expanded substantially, whereas 

the gels in buffer containing an alternate DNA sequence did not expand (Fig. 3.2C and D). Scanning electron 

micrographs of fixed samples showed that multiscale pores formed during expansion (Fig. 3.2E). Expansion 

occured unabated at a roughly linear rate (Fig. S3.5 and Movie S3.1). 
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We thus asked whether hydrogels could reliably expand to a desired final size. We modified the 

sequences of the polymerizing hairpins to create “terminator hairpins” (Fig. 3.1C). By tuning the relative 

concentrations of polymerizing and terminator hairpins, we could induce swelling of gels to a well-defined 

final size (Fig. 3.2F and Fig. S3.5). Inclusion of 2% terminator hairpins produced high-degree but well-

controlled swelling and was used in the remainder of our studies (Movie S3.2). 

We also found that we could tune the swelling rate. Thinner films swelled slightly faster, but 

swelling rates do not appear to be limited by the diffusion of DNA hairpins (Fig. S3.6). Increasing the length 

of one of the toeholds that initiated the hairpin insertion process from three to four or six basepairs sped up 

expansion more markedly (Fig. S3.7), as did increasing the hairpin concentration (Fig. S3.8). By designing 

DNA sequences for three more systems of cross-links and hairpins, we could addressably swell multiple 

Figure 3.2 Photopatterning and hydrogel expansion. (A) Photopatterning process flow. (B) Fluorescence micrograph 
of hydrogels poststained with SYBR Green I (see § 3.4). Scale bar, 5 mm. (C) Hydrogels expand substantially in 20 mM 
polymerizing hairpin solution but not in 20 mM control hairpin solution. Scale bars, 1 mm. (D) Time-lapse fluorescence 
micrographs of a hydrogel in polymerizing hairpins (top) and 98% polymerizing, 2% terminating hairpins (bottom). Scale 
bars, 2 mm. (E) Scanning electron micrographs of hydrogels before and after DNA hybridization–driven expansion. 
Scale bars, 300 mm. (F) Linear expansion of hydrogels with different terminator hairpin percentages (N = 4 samples for 
each data point). Error bars represent 1 SD. L0, initial length; ∆L, change in length. 
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domains (Table S3.1). Hydrogels with each cross-link type swelled extensively in response to their 

corresponding hairpins but not to others (Figs. S3.9 and S3.10). Hairpins also accumulated only in gels with 

their corresponding crosslink sequences (Fig. S3.11). 

To investigate how to design the shape change of composite multidomain architectures, we char- 

acterized DNA sequence–driven curling of model bilayer beams (Fig. 3.3A and Fig. S3.12). Although the 

beams curled only slightly in DNA-free buffer because of different rates of solvent uptake by N,N′-

methylenebis(acrylamide) (BIS)–crosslinked and DNA–crosslinked gels (Fig. 3.3A and Fig. S3.13), they 

curled much more tightly when subsequently exposed to their corresponding hairpins (Fig. 3.3A and Fig. 

S3.14). 

We applied finite element analysis to study bilayer curving caused by DNA-induced swelling (see 

§ 3.5, Finite Element Model of BIS/DNA Bilayer Actuation). The stress response of the gel was assumed to 

be the sum of an elastic component for the entropic response of the polymer network and the solvent pressure 

acting on the network derived from the Flory-Huggins theory.84 We determined the final shape of a structure 

after DNA-driven swelling by changing the Flory- Huggins parameter in the DNA- and BIS–crosslinked gel 

layers to achieve the experimentally measured volumetric swelling ratios within the different layers (see § 

3.4 Materials & Methods) (Fig. 3.3A) and then solving for the displacement field in the bilayer. 

Figure 3.3 Shape-change mechanics. (A) Fluorescence micrographs of photopatterned hydrogel beams (side views) 
with a 60-mm-thick BIS–crosslinked polyacrylamide layer (green) and a 60-mm-thick DNA–crosslinked hydrogel (red), 
before (top) and after (bottom) sequence-driven curving. Scale bars, 1 mm. (B) Computational finite element parameter 
study of bilayer curvature. The baseline case (white circle) corresponds to the experimentally measured bilayer curvature 
and swelling ratios. The bilayer ratio 𝜂 (Eq. 3.1) captures the effects of the shear moduli, thickness, and volumetric 
swelling ratios of the gel layers. Illustrated bilayers show the predicted final shapes for different volumetric swelling 
ratios. (C) Analytical predictions of curvature change using the design rule 𝐾 = 𝐶𝜂 + 𝐾0, where 𝐶 and 𝐾0 were fit to the 
simulation results in (B).  
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To set the remaining model parameters, we conducted an unconfined compression test and thus 

measured the Young’s modulus of a BIS– crosslinked gel as 2.2 kPa (Fig. S3.15) (see § 3.4 Materials & 

Methods), which corresponds to a shear modulus of 733 Pa, assuming mechanical incompressibility (see § 

3.5). We then used the finite element model to fit the shear modulus (229 Pa) of the DNA gel to obtain the 

curvature of the bilayer measured in experiments. We found that the effects of varying DNA gel thickness, 

modulus, and the degree of swelling (Fig. 3.3B) can be described by a simple design rule for the curvature 

𝐾 = 𝐶𝜂 + 𝐾0 of the bilayer, where 𝜂 is the bilayer ratio85 calculated by (see § 3.5.3 Parameter Study)  

 
𝜂 =

𝐴𝐵(1 + 𝐵)∆𝜃

𝑡𝐵𝐼𝑆(1 + 4𝐴𝐵 + 6𝐴𝐵2 + 4𝐴𝐵3 + 𝐴2𝐵4)
 (3.1) 

where 𝐴 = 𝐸𝐷𝑁𝐴 𝐸𝐵𝐼𝑆⁄  is the ratio of the Young’s modulus (in pascals) of the DNA and BIS gels, 

𝐵 = 𝑡𝐷𝑁𝐴 𝑡𝐵𝐼𝑆⁄  is the ratio of the thickness (in millimeters) of the DNA and BIS gels, and ∆𝜃 is the difference 

in the volumetric swelling ratio between the DNA and BIS gels. The initial curvature 𝐾0 = 0.2 mm-1 and 

proportionality constant 𝐶 = 0.21 were obtained from a linear regression of our simulation results (Fig. 

3.3B). 

This design rule indicates that the curvature is more sensitive to the DNA gel swelling ratio (∆𝜃), 

with which the curvature varied linearly, than to the shear modulus or thickness of the DNA gel layer. The 

high degree of swelling was thus essential for extensive shape change. Further, there is an optimum thickness 

of the DNA gel for which curvature is maximized (Fig. 3.3C). A DNA gel layer that is too thin cannot exert 

enough force to bend the bilayer, whereas a DNA gel layer that is too thick is negligibly affected by the BIS 

gel layer and undergoes uniform swelling rather than folding. 

The parameter study predicts that the high degree of swelling of the DNA gel could cause 

millimeter- to centimeter-thick structures to bend. For example, an initially flat 10-mm-long–by–7.23-mm-

thick bilayer with optimum DNA gel thickness and a maximum swelling ratio of 3.72 ± 0.11 should fold into 

a complete circle after sequence-specific DNA- triggered actuation. 

We next explored how structures with multiple different DNA sequence–responsive hydrogels 

could change into different shapes in response to different hairpin inputs. We fabricated flowers in which 

two groups of petals responded to two different sequences (Fig. S3.16 and Fig.3.4A). In the presence of both 

sets of sequences, all of the petals folded (Fig. 3.4B). Each set alone caused its corresponding petals to fold, 
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and petals could be folded in sequence through stepwise exposure (Fig. 3.4 C and D). We attribute the 

twisting of the petals to misalignment errors during photopatterning of the gel layers. We further fabricated 

hydrogel “crab” devices, in which the antennae, claws, and legs each curled in response to their respective 

sequences, either all at once or sequentially (Fig. 3.4 E to G, and Fig. S3.17). The structures remained in their 

actuated states for at least 60 days (Fig. S3.18). 
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Figure 3.4 DNA sequence–programmed shape change of macroscopic hydrogel shapes.(A) Schematic of a six-petal 
flower (§ 3.4). (B) All petals curl in response to both system 1 and 2 hairpins. (C and D) Specific petals actuate in 
response to system 1 or system 2 hairpins alone. Petals can be actuated in series. (E) Hydrogel crab schematic. (F) Legs, 
claws, and antennae all actuate in response to system 1, 2, and 3 hairpins. (G) Serial actuation. Solutions contained 20 
mM of each hairpin, 98% polymerizing hairpins, and 2% terminating hairpins. DNA–crosslinked hydrogel domains are 
differentially colored for clarity. Scale bars, 1 mm [(B) to (D)]; 2 mm [(F) and (G)].  
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3.3 CONCLUSION 

Biological tissues demonstrate the versatility and functionality of shape change driven by 

biomolecules, where different cues and their concentrations determine which responses occur.25 We have 

demonstrated how specific biomolecular signals can also determine which domains of a synthetic material 

should change in shape and by how much. The DNA oligonucleotide signals used could be the outputs or 

inputs to molecular sensors86 and circuits.23,35 Coupling these circuits to hydrogels could allow materials to 

exhibit multistage, goal-directed behaviors that are currently impossible to achieve.72,87,88 Because hairpin 

insertion and removal can occur while the crosslink remains connected,82 altering the extension reaction’s 

bias could allow crosslink contraction and, potentially, reversible actuation. Finally, our wafer-scale 

patterning approach offers the potential for scale-up and integration with existing optical, logic, and memory 

devices. 

3.4 MATERIALS & METHODS 

3.4.1 DNA sequences and sequence design 

All oligonucleotide sequences are listed in Table S3.1. The sequences for system 1 crosslinks and 

polymerizing hairpins, H1 and H2, are based on those used by Venkataraman et al.82 Oligonucleotides were 

supplied by Integrated DNA Technologies (IDT) in their lyophilized form. Sequences for all terminating 

hairpins and the sequences for the crosslinks and hairpins in systems 2-4 were designed using the DNAdesign 

package, available at: www.dna.caltech.edu/DNAdesign/. This program produces sequences with the 

necessary complementarity to form the desired secondary structures, while minimizing other potential 

interactions.89  

3.4.2 Preparation of DNA-crosslinked and BIS-crosslinked pregel solutions 

Both sets of gels were prepared by UV-initiated, free radical copolymerization of acrylamide along 

with either N,N’-methylenebis(acrylamide) (BIS) or a DNA duplex as the crosslinker (Fig. S3.1). To enable 

its copolymerization with acrylamide, the pre-annealed DNA duplex crosslinker contained oligonucleotides 

modified at the 5’ end with an acrydite moiety. For the DNA pregel solution, stock solutions of the crosslink 

strands C and C’ (which contain acrydite modifications), or the crosslink strands for the corresponding 

system, were first prepared by resuspending lyophilized DNA samples to a final concentration of 
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approximately 25 mM in TAE buffer (40 mM tris-acetate, 1 mM EDTA) that had been previously diluted 

from 50x stock (Life Technologies, Catalog #24710-030) and supplemented with 12.5 mM magnesium 

acetate tetrahydrate (Sigma #228648), herein referred to as TAE/Mg2+. Oligonucleotide concentrations were 

verified by absorbance spectroscopy at 260 nm. To prepare the DNA copolymer gel, referred to as poly(Am-

co-DNA), TAE/Mg2+ buffer supplemented with calcium chloride (Sigma #C1016) – herein referred to as 

TAE/Mg2+/Ca2+ – and MilliQ water were added to the crosslink strands. The calcium chloride was added to 

prevent premature dissolution of the poly(acrylic acid) (PAA) sacrificial layer. The DNA crosslinks were 

then annealed by incubating the solution at 90 °C for five minutes, followed by cooling the solution from 90 

°C to 20 °C at 1 °C per minute to allow crosslinks to hybridize. Immediately before photopolymerization, 

acrylamide (Bio-Rad Catalog #161-0100), Irgacure 2100 (Ciba), and, if applicable, methacryloxyethyl 

thiocarbamoyl rhodamine B (Polysciences, Inc., catalog #23591) were added to the solution. In cases where 

the gels were stained with SYBR Green I nucleic acid stain (Invitrogen catalog #S7563), the rhodamine B 

co-monomer was omitted. The solution was then mixed via pipet and degassed under vacuum for 5 minutes 

to minimize the effect of O2 on radical chain polymerization. The final concentrations of all pregel 

components are as follows: 1.154 mM of strands C and C’, 1x TAE/Mg2+ buffer, 11.1 mM calcium chloride, 

1.41 M acrylamide, 3 vol% of Irgacure 2100, and, if applicable, 2.74 mM methacrylated rhodamine B.  

The BIS-crosslinked gel solutions were prepared by mixing MilliQ water, TAE/Mg2+/Ca2+ buffer, 

40% (w/v) 19:1 Am:BIS (BioRad Laboratories, Inc., catalog #1610144), 50% (v/v) Irgacure 2100 in 1-

butanol, and, if applicable, 50 mM fluorescein-O-methacrylate (Sigma, catalog #568864) into a test tube. 

The final concentrations of TAE/Mg2+ buffer, and calcium chloride are the same as in the poly(Am-co-DNA) 

pregel solution. The final concentrations of the other species are as follows: 5% (w/v) of 19:1 Am:BIS, 1.5% 

(v/v) Irgacure 2100, and, if applicable, 2.74 mM fluorescein-O-methacrylate. The BIS and acrylamide pregel 

solution was then mixed and degassed following the same protocol of the DNA pregel solution.  

3.4.3 Photolithography chamber preparation 

The photolithography chambers were prepared according to a previously published protocol.90 The 

bottom glass slide served as a substrate onto which the hydrogel samples adhered after photopatterning, while 

the top slide served as a chromium (Cr) photomask to selectively expose regions of the pregel solution to 

ultraviolet (UV) light and initiate radical chain polymerization. The top slide of the photolithography chamber 
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was prepared by spin coating SC 1827 (Microposit S1800 Series) on a clean glass slide at 3500 rpm for 3 

minutes, followed by baking at 115 °C for 60 seconds. The coated slides were irradiated with a 317 mJ/cm2 

dose of 365 nm UV light through film masks designed using AutoCAD and printed by Fineline Imaging. 

After UV exposure, the glass slides were developed with a 1:10 (w/w) solution of Microposit 351 Developer 

(Shipley) and DI water, and were dried with N2 gas. Next, a 200 nm layer of Cr was deposited on the glass 

slide by physical vapor deposition (PVD), after which the slides were consecutively rinsed with acetone and 

isopropyl alcohol, and were dried under N2 gas to remove the unexposed regions of 1827 positive photoresist. 

Once prepared, the Cr mask was spin-coated with CYTOP (Type M, Bellex International Corp.) at 4000 rpm 

and baked at 90 °C for 2 hours to ensure evaporation of the organic solvent. The CYTOP-coated chromium 

mask prevented the DNA gel from sticking to the mask and allowed for minimal edge roughness.  

The bottom slides of the photolithography chamber (Catalog #16004-424, VWR) were prepared by 

sonicating in 10% (w/w) NaOH for 30 minutes, rinsing with MilliQ water, and drying under N2 gas. The 

bottom slide was then treated with O2 plasma for 5 minutes to fully oxidize the glass surface. Next, a single 

layer of polyimide tape (~60 μm thick) was placed along the width of the glass slide to act as a spacer. For 

thinner hydrogels, aluminum foil (~14 μm thick) was used as a spacer. A roughly 200 nm thick layer of 5% 

(w/w) PAA crosslinked with calcium was then deposited onto the substrate according to a previously reported 

protocol.91 Additional washing (3 min in DI water) and baking steps (5 min at 150 °C) were added to the 

protocol to remove calcium salt deposits present on the substrate after crosslinking the PAA in a solution of 

CaCl2. The final photolithography chamber was assembled by clipping the top Cr mask and bottom PAA-

covered substrate together with binder clips (Office Depot). The chrome layer of the mask faced inward and 

came into direct contact with the pregel solution.  

3.4.4 Photopatterning DNA gel monolayers and DNA/BIS gel bilayers. 

To photopattern DNA hydrogel monolayers, the DNA pregel solution was injected via pipet into 

the photolithography chamber. The chamber was then exposed to 365 nm UV light (Neutronix Quintel 

aligner) for a total light dose of 240 mJ/cm2 as determined by multiplying the measured UV intensity (Vari-

Wave II, 365 nm sensor; Quintel) by the exposure time. The chamber was then gently disassembled and 1 

mL of 1 M NaCl was aliquoted onto the substrate to dissolve the PAA sacrificial layer and yield freestanding 
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samples. The monolayers were then placed into a PDMS-coated polystyrene dish to which approximately 2 

mL of TAE/Mg2+ was added.  

To prepare the first hydrogel layer of a bilayer structure, the previous photopatterning protocol was 

followed using Am-co-BIS-co-fluorescein pregel solution except that after UV exposure the substrate was 

washed with approximately 200 μL of TAE/Mg2+/Ca2+ to remove unreacted pregel solution from the 

patterned structures. The UV dose for all BIS-crosslinked hydrogel structures is approximately 280 mJ/cm2. 

The first gel layer was then allowed to dry at room temperature for approximately 20 minutes. The second 

layer of the hydrogel bilayer structures was fabricated using Am-co-DNA-co-rhodamine pregel solution. 

Prior to photopatterning the second gel layer, an additional layer of polyimide tape was placed on the 

substrate and the second Cr mask was then aligned with the first gel layer using a mask aligner. After 

satisfactory alignment was achieved, the Am-co-DNA-co-rhodamine solution was injected via pipet into the 

photolithography chamber and exposed to UV light for a total dose of 240 mJ/cm2. At this point, when the 

bilayer bar structures were fabricated, the chamber was gently disassembled and approximately 1 mL of 1 M 

NaCl was aliquoted onto the substrate to dissolve the sacrificial layer and yield freestanding bilayer bar 

structures (Fig. S3.12). When the petal or crab bilayer structures were fabricated, the above process of 

washing the patterned structures, aligning the masks, injecting pregel solution, and exposing to UV light is 

repeated until the final hydrogel domain is patterned, at which point the photolithography chamber is 

disassembled and 1 M NaCl was added to yield free-floating hydrogel structures.  

3.4.5 Quantifying the DNA-driven expansion and shape change of DNA gels.  

To measure the rate of expansion and final uniaxial swelling rate of poly(Am-co-DNA) hydrogels 

driven by DNA polymerization, Am-co-DNA pregel solution was prepared as previously described, without 

methacryloxyethyl thiocarbamoyl rhodamine B, and gels were patterned into either 60 μm or 14 μm thick, 1 

x 1 mm square shapes using appropriate photomasks. After fabrication, the DNA gels were stained overnight 

in a solution of 2x SYBR Green I (Invitrogen catalog #S7563) and TAE/Mg2+ buffer. The SYBR staining 

solution was then removed and the samples were washed several times with TAE/Mg2+ buffer. After the last 

wash, 2 mL of fresh TAE/Mg2+ was added to the petri dish.  

All DNA hairpin monomers were supplied by IDT in their lyophilized form and were resuspended 

to a final concentration of 2 mM in TAE/Mg2+ buffer. All swelling and actuation experiments contained a 
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final hairpin concentration (polymerizing hairpin monomer plus terminator hairpin monomer) of 20 μM. 

Prior to adding the hairpin solution to the DNA gel samples, the hairpin monomers were snap-cooled in order 

to remove any aggregates or polymers that may have formed by heating oligonucleotide solutions at 95 °C 

for at least five minutes, followed by cooling on ice for 2 minutes. Next, the hairpin solution was gently 

added via syringe so as not to disturb the gel samples. Swelling was recorded via time-lapse fluorescence 

imaging using a gel imager (Syngene EF2 G:Box) equipped with a blue light transilluminator (Clare 

Chemical, emission max ~450 nm) and a UV032 filter (Syngene, bandpass 572-630 nm). Images were 

captured in 20 minute intervals until a steady-state was reached or the gels were no longer visible. The 

uniaxial swelling ratio of the samples was measured manually in either MATLAB or ImageJ. MATLAB code 

available upon request.  

For DNA-driven expansion of the bilayer structures in hairpin solution (20 μM, 98% polymerizing 

monomers, 2% terminating monomers), the volumetric swelling ratios of the BIS and DNA gel domains 

within the bilayer beams were measured using a Nikon AZ100 multi- zoom epifluorescence microscope and 

Zeiss AxioObserver Yokogawa CSU-X1 spinning disc confocal microscope. The sizes of the domains of the 

12 bilayer beams were characterized. Some of the bilayers lain on their sides, which allowed us to image 

them top-down and others side-on. We measured the contour lengths, widths and thicknesses of the BIS and 

DNA layers of all the bilayers before and after adding DNA hairpins (20 μM solution composed of 98% 

polymerizing monomers and 2% terminating monomers) and averaged the values. The average volumetric 

swelling ratio was calculated by dividing the volume of the gels after and before adding DNA hairpins.  

Images of bilayer, flower and crab structures were captured using a Nikon AZ100 multi-zoom 

epifluorescence microscope equipped with a Nikon DS-Fi1 camera. Fluorescence images of poly(Am-co-

DNA-co-rhodamine) gel samples were captured using a Nikon B-2E/C filter cube (excitation 465-495 nm, 

bandpass emission filter 515-555 nm), whereas images for poly(Am-co- BIS-co-fluorescein) samples were 

captured using a Nikon G-2E/C filter cube (excitation filter 528-553 nm, bandpass emission filter 590-650 

nm). Domains with different crosslink sequences (patterned in different sequence steps) were false colored 

in the fluorescence micrographs in Figure 3.4, and isolated devices are presented on a black background for 

clarity. MATLAB code available upon request.  

3.4.6 SEM Imaging of poly(Am-co-DNA) hydrogels.  
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Two 5 mm x 5 mm hydrogel samples, each 600 μm thick, were fabricated by photopolymerization 

of pregel solution within a PDMS micromold. The pregel solutions were prepared without methacryloxyethyl 

thiocarbamoyl rhodamine B as previously described. Prior to photopolymerization the PDMS mold was 

treated with air plasma for five minutes using a surface corona treater (Electro-Technic Products, model BD-

20). The pregel solution was then aliquoted into sample wells of the PDMS mold and exposed to 365 nm UV 

light (Neutronix Quintel aligner) at an intensity of 7.55 mW/cm2 and dose of 680 mJ/cm2 to ensure complete 

curing of the pregel solution. The samples were then gently excised from the mold and placed into separate 

petri dishes containing 2 mL of fresh TAE/Mg2+ buffer. The gels were allowed to swell to equilibrium 

overnight via solvent uptake. To one DNA gel sample was added two 500 μL hairpin solutions, each 

containing 117.6 μM of the regular hairpin monomer and 2.4 μM of the respective terminator hairpin (e.g., 

117.6 μM H1 and 2.4 μM H1T) for a final concentration of 19.6 μM and 0.4 μM of the polymerizing hairpin 

monomer and terminator monomer, respectively. One milliliter of TAE/Mg+2 was added to the other sample 

as a control. The two samples were left out at room temperature for two weeks, at which point the swelling 

solution was removed and the gels were frozen in liquid nitrogen for five minutes.92 The gel samples were 

then lyophilized for 24 hours to fully remove the swelling solution in preparation for SEM imaging 

(Labconco, Freezone Benchtop Freeze Dry System, Catalog #7382021).  

 3.5 FINITE ELEMENT MODEL OF BIS/DNA BILAYER ACTUATION 

3.5.1 Constitutive Model  

Various theoretical hydrogel models have been developed in recent years to explain the coupled 

mechanical and stimuli-responsive swelling behavior of hydrogels and to support the design of active 

hydrogel structures.93,94 We previously developed a constitutive theory for thermoresponsive hydrogels and 

showed that it can accurately predict the equilibrium configuration of pNIPAM gels and composite structures 

in response to temperature and mechanical stimuli.90,95,96 In our model, we neglected the kinetics of diffusion 

and assumed that the hydrogel remained in equilibrium throughout the deformation, which was justified by 

the short diffusion time permitted by micrometer-scale thickness of the bilayer structures.  

For the constitutive model, we first defined a deformation field 𝒙 =  𝜑(𝑿), that maps material points 

𝑿 in the initial undeformed dry polymer network configuration to spatial points 𝒙 in the current deformed 
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hydrogel configuration. The deformation gradient tensor is defined as 𝑭 = 𝜕𝒙 𝜕𝑿⁄  from the initial 

configuration to the current configuration. To model the stress-free swelling of the gel, the deformation 

gradient tensor 𝑭 is further decomposed into a mechanical part, 𝑭𝑒, and a swelling part, 𝑭𝑠:  

 𝑭 = 𝑭𝑒𝑭𝑠, (S3.1) 

where 𝑭𝑠 = 𝜑−1 3⁄ 𝑰 and 𝜑 is the polymer network volume fraction of the hydrogel. The polymer 

network volume fraction is expressed as 𝜑 = 1 (1 + 𝜈𝑐)⁄ , where 𝜈 is the volume per solvent molecule and 𝑐 

is the number of solvent molecules per polymer network volume. Since the gel is initially swollen, we define 

the swollen undeformed configuration as the reference configuration, and a deformation gradient 𝒇 mapping 

from the stress-free reference configuration to the final swollen deformed configuration:  

 
𝒇 = 𝜑0

1
3𝑭 (S3.2) 

where 𝜑0 is the polymer network volume fraction in the reference state. The left Cauchy-Green 

deformation tensor and its first invariant are defined as, 𝒃 = 𝑭𝑭𝑇  and 𝐼𝑏 = tr(𝒃). The 𝒃 tensor can be 

expressed in terms of its principle values and principle directions as:  

 
𝒃 =∑𝝀𝑖

2𝐧𝑖⊗𝐧𝑖

3

𝑖=1

 (S3.3) 

and 𝜆�̅� = 𝜑0
1
3𝜆𝑖 are the corresponding principal stretches of 𝒇 tensor. The change of volume from the 

initial dry configuration to the final configuration is related to the mechanical and swelling component as: 

𝐽 = det(𝑭) = det(𝑭𝑒) det(𝑭𝑠) = 𝐽𝑒𝜑
−1.  

We assumed that the free energy density of the hydrogel could be additively decomposed into a 

mechanical term arising from the stretching of a polymer network and a term describing the mixing energy 

of the polymer network and solvent system:  

 Ψ = Ψ𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙(𝐼𝑏, 𝐽𝑒) + Ψ𝑚𝑖𝑥𝑖𝑛𝑔(𝜑) (S3.4) 

The quasi-incompressible Neo-Hookean model is used to describe the strain energy of the  

network:97  

 
Ψ𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙(𝐼𝑏 , 𝐽𝑒) =

𝐺

2
(𝐼𝑏 − 3 − 2 log 𝐽) +

𝐾

4
(𝐽𝑒
2 − 2 log 𝐽𝑒 − 1) (S3.5) 

 where G and K are the shear modulus and bulk modulus of the polymer network respectively. 

The Flory-Huggins model84 is used to express the free energy of mixing:  
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Ψ𝑚𝑖𝑥𝑖𝑛𝑔(𝜑) =

𝑅𝑇

𝜈𝜑
[(1 − 𝜑) log(1 − 𝜑) + 𝜒𝜑(1 − 𝜑)] (S3.6) 

where 𝑅is the gas constant, and 𝜒 is the Flory-Huggins parameter.  

The Cauchy stress tensor is derived from the free energy density as 𝝈 = (1 𝐽⁄ )(𝜕Ψ 𝜕𝑭⁄ )𝑭𝑇, and the 

chemical potential is defined as 𝜇 = 𝜕Ψ 𝜕𝑐⁄ , where c is the number of solvent molecules per polymer 

network volume:  

 
𝜎 =∑{

𝐺𝜑0

𝜆1̅𝜆2̅̅̅𝜆3̅̅̅
(𝜑0

−2 3⁄ 𝜆𝑖2̅̅̅ − 1) +
𝐾𝜑0

2𝜆1̅𝜆2̅̅̅𝜆3̅̅̅
[(
𝜑

𝜑0
𝜆1̅𝜆2̅̅̅𝜆3̅̅̅)

2

− 1]} 𝐧𝑖⊗𝐧𝑖

3

𝑖=1

 (S3.7) 

 

 
𝜇 = 𝑅𝑇[log(1 − 𝜑) +  𝜑 + 𝜒𝜑2] −

𝐾𝜈𝜑

2
[(
𝜑

𝜑0
𝜆1̅𝜆2̅̅̅𝜆3̅̅̅)

2

− 1] (S3.8) 

The constitutive model was implemented into TAHOE (Sandia National Laboratories) for finite 

element simulation of hydrogel structures. The shear modulus of the DNA hydrogel was obtained from 

swelling experiments and finite element analysis of the folding of BIS/DNA hydrogel bilayer beams. For the 

swelling experiments of BIS/DNA hydrogel bilayer beams, the dimensions in the hydrated state before 

adding DNA hairpins were 𝑙=4.925 mm in contour length and w=0.528 mm in width. The thicknesses of the 

DNA and BIS layers were tDNA=60.6 μm, tBIS=71.6 μm. The initial bilayer curvature in the hydrated state was 

measured to be 0.2 mm-1. DNA hairpins were added to the bilayer bars to induce sequence-driven swelling. 

The average curvature of swollen bilayer bars under equilibrium was measured to be 1.0 mm-1. The 

dimensions of both layers in equilibrium were also measured and the volumetric swelling ratios of the DNA 

gel and BIS gel were calculated to be 6.91 and 4.42 respectively. The sequence- induced swelling of the BIS 

gel was caused by the interpenetration of DNA and BIS gels during the layer-by-layer fabrication process, 

which was confirmed by confocal imaging.  

3.5.2 Finite element model of swelling-induced folding of a hydrogel bilayer  

For the finite element model of the bilayer beam, the simulation started from the initial hydrated 

configuration, where the initial curvature of bilayer was 0.2 mm-1 as measured in the experiments. The model 

geometry had the same dimensions as measured for the fully hydrated photopatterned bilayers (Fig. S3.19). 

The mesh was discretized using trilinear hexahedral elements. The dimensions of the elements were 𝑙𝑒 =

61.62 μm in length and 𝑤𝑒 = 52.8 μm in width, and the thicknesses were 𝑡𝑒𝐷𝑁𝐴 = 15.15 μm, 𝑡𝑒𝐵𝐼𝑆 = 17.9 
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μm for DNA and BIS gel elements, respectively. The displacements at 𝑋 = 0, 𝑌 = 0 and 𝑍 = 0 were fixed. 

The Young’s modulus of the BIS gel in the fully hydrated state was measured to be 2.2 kPa from unconfined 

compression tests (Fig. S3.15). Assuming that the gels were mechanically incompressible resulted in 733 Pa 

for the shear modulus of the BIS gel. The bulk modulus was set to 𝐾 = 1000𝐺  to enforce mechanical 

incompressibility of the polymer network. Though the BIS gel exhibited DNA interpenetration, we assumed 

that the shear modulus of the BIS gel did not change significantly during DNA- driven swelling. It was 

difficult and expensive to prepare and fully expand a DNA-crosslinked hydrogel via hairpin incorporation 

(in a 2% terminating hairpin solution) large enough to perform a compression test using our equipment 

because of the long time required for diffusion of enough DNA hairpins into a very thick gel. Handling 

expanded hydrogels was also very difficult due to the softening that occurs during DNA-driven swelling. To 

determine the modulus of DNA gel in the fully swollen state, we therefore applied the finite element model 

to determine the shear modulus of the DNA gel needed to obtain the curvature measured for the actuated 

bilayer. The DNA sequence-driven swelling was simulated by varying the Flory-Huggins interaction 

parameter 𝜒. The Flory-Huggins interaction parameter for each domain in the hydrated and DNA-actuated 

states were selected so that the free swelling ratio of the gels in the simulation matched the results from 

swelling experiments of BIS/DNA hydrogel bilayers (Fig. S3.14). The average volumetric swelling ratios 

measured for 12 specimens were 6.91 and 4.42 for the DNA and BIS layers, respectively. The parameters 

used in the model are listed in Table S3.2.  

The initial polymer network volume fraction 𝜑0 was obtained by solving equations S3.7 and S3.8 

with the conditions 𝝈 = 0 and 𝜇 = 0. For the BIS and DNA gel domains, the Flory-Huggins interaction 

parameter was continuously decreased from 0.55 to 0.51, and at each value the deformation gradient field 

𝒇(𝑿) and polymer network volume fraction 𝜑(𝑿) were determined by finite element analysis. We performed 

the finite element simulations while varying the shear modulus of the DNA gel from 2.29 to 350 Pa, and 

calculated for each case the equilibrium curvature of the bilayer bar at the equilibrium swelling. The 

equilibrium curvature of the bilayer was calculated as follows: the deformed positions of the points on the 

midline of the bilayer inner surface were obtained from the simulation result, and the radius of the best fit 

circle to the points was obtained using the method of least squares. The curvature was then calculated by 

taking the inverse of the radius. The calculated curvature of the bilayer was compared to the curvature of the 
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actuated bilayer measured in experiments to determine the equilibrium shear modulus of the DNA gel. A 

shear modulus of 229 Pa produced the best fit to the experimentally measured bilayer average curvature at 

steady state.  

3.5.3 Parameter Study 

We applied the model to investigate the effect of the thickness, shear modulus and volumetric 

swelling ratio of the DNA gel on the curvature of folding BIS/DNA gel bilayer bars. We first varied the DNA 

gel thickness from 13 μm to 70 μm while keeping the BIS layer thickness of 71.6 μm, DNA gel shear modulus 

of 229 Pa and volumetric swelling ratio of 6.91 unchanged. Next, we kept the DNA gel thickness and 

volumetric swelling ratio constant at 60.6 μm and 6.91, respectively, and adjusted the DNA gel shear modulus 

from 2.29 to 350 Pa. We then kept the DNA gel thickness of 60.6 μm and shear modulus of 229 Pa unchanged 

while varying the DNA gel volumetric swelling ratio from 5 to 12. These parameters were varied 

independently, and in each simulation the average equilibrium curvature of actuated BIS/DNA gel bilayer 

was calculated using the method described in the above section.  

Theoretical solutions for the curving of thin film-thick substrate bilayer system have been derived 

based on the century-old Stoney formula98 for stresses in the deposited thin film. This formula assumes small 

strains and rotations, and that the material of each layer is isotropic, homogeneous, and linear elastic. For the 

case where the thicknesses of each layer are comparable (e.g., 𝑡𝐵𝐼𝑆~𝑡𝐷𝑁𝐴), Freund et al.85 derived a modified 

Stoney formula for the bilayer curvature, which for an initially flat bilayer can be expressed as, 𝐾 = 2𝜂. The 

bilayer ratio, 𝜂, is given by,  
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 (S3.9) 

for the case when the Poisson's ratio is the same in each layer. The 𝐸𝐷𝑁𝐴 and 𝐸𝐵𝐼𝑆 are the Young’s 

moduli of the DNA and BIS gels (Pa); 𝑡𝐷𝑁𝐴 and 𝑡𝐵𝐼𝑆 are the thicknesses of DNA and BIS gel layers (mm); 

and ∆𝜃 is the difference in the volumetric swelling ratio between the DNA and BIS gels. The modified Stoney 

formula provided a poor prediction of the simulation results for the curvature of the BIS/DNA gel bilayer, 

likely because the simulations exhibited large deformation and nonlinear elastic behavior, which violated the 

assumptions of the theory. However, we found that the simulation results for the curvature change scaled 
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with the bilayer ratio. Plots of the curvature as a function of the bilayer ratio for all cases of the parameter 

study fell on a straight line of the form 𝐾 = 𝐶𝜂 + 𝐾0 (Fig 3.3B in § 3.2). A linear regression returned 𝐶 =

0.21 for the proportionality constant and 𝐾0 = 0.2 mm-1 for the initial curvature, which agreed with the 

average initial curvature of the bilayers measured in the hydrated state (0.21 mm-1).  

The bilayer ratio 𝜂 depends nonlinearly on the modulus and thickness ratio of the DNA and BIS 

gels, and depends linearly on the difference in the volumetric swelling ratio. Figure S3.20 shows the variation 

of the equilibrium bilayer curvature with the DNA gel shear modulus, BIS gel shear modulus, DNA gel 

thickness and volumetric swelling ratio. Increasing the DNA gel thickness or shear modulus increased the 

flexural stiffness of the DNA gel resulting in a higher curvature, signifying a more curved bilayer. Likewise, 

increasing the DNA gel volumetric swelling ratio increased the curvature. As shown in the figure, the 

curvature was most sensitive to the DNA gel volumetric swelling ratio. Changing the BIS gel shear modulus 

had a small effect on the final curvature, with a less stiff BIS gel leading to only slightly more folding. In 

contrast, the shear modulus of the DNA gel had a pronounced effect. When the DNA gel shear modulus was 

increased from 2.29 to 850 Pa, the equilibrium curvature increased asymptotically until the DNA gel shear 

modulus reached the BIS gel shear modulus. In Figure 3.3C of the main text we plotted the equilibrium 

bilayer curvature as a function of the DNA layer thickness, 𝑡𝐷𝑁𝐴, for BIS layer thicknesses of 51.6 μm, 71.6 

μm, and 91.6 μm. Increasing the BIS gel thickness resulted in a lower curvature due to the increased flexural 

stiffness of BIS layer. However, the effect of varying the thickness of the DNA gel was more complicated. 

For each BIS gel thickness, there was an optimum thickness of DNA gel for which the bilayer curvature was 

maximized. For example, the optimal DNA gel thickness was 60.6 μm for a BIS gel thickness of 71.6 μm. 

The bilayer curvature decreased for larger and smaller values of DNA gel thickness. A DNA gel layer that is 

too thin did not exert enough force to bend the bilayer, while a DNA gel layer that is too thick was negligibly 

affected by the BIS gel layer and underwent uniform swelling rather than inducing folding. The optimal 

thickness increased with the BIS gel thickness. For the BIS gel thicknesses of 51.6 μm, 71.6 μm and 91.6 

μm, the optimum DNA gel thicknesses were 42, 60.6 and 69.8 μm, respectively.  

The parameter study also showed that the high degree of swelling of the DNA gel should allow 

millimeter to centimeter sized bilayer structures to achieve a large shape change. For example, we asked 

whether a 10 mm long flat bilayer beam that was also several millimeters thick (as opposed to 0.1 mm or less 
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as we had studied previously) could fold into a complete circle. The relation obtained from the parameter 

study was 𝐾 = 0.21𝜂 + 0.2, where 0.2 mm-1 represents the initial curvature of the bilayers in the hydrated 

state. Using the relation 𝐾 = 0.21𝜂  and assuming the 10 mm long bilayer beam was initially flat, we 

determined that the 10 mm long bilayer with the optimum DNA gel thickness can be as thick as 7.23 mm 

and still fold into a complete circle for the maximum experimentally measured swelling ratio of 3.72 ± 0.11.  
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3.6 SUPPORTING INFORMATION (SI) 

 

 

  

Figure S3.1 Chemistry for synthesizing a poly(Am-co-BIS) or poly(Am-co-DNA) hydrogel. Both poly(Am-co-BIS) 
and the poly(Am-co-DNA) hydrogels were prepared by standard UV-initiated, radical copolymerization chemistry. In 
the case of poly(Am-co-DNA) gels, a pre-annealed DNA duplex –with each strand modified at the 5’ end with a standard, 
commercially available, acrydite moiety – was used as a crosslinker. The acrydite-modified DNA strands were obtained 
from IDT in their lyophillized form. 
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Figure S3.2 Hydrogel expansion driven by a single- to double-stranded crosslink transition. (a) To quantify the 
amount of hydrogel expansion that would result from a simple hybridization process within hydrogel crosslinks, we use 
a 3-strand crosslink architecture studied previously by Lin et al (see reference 45). Hydrogel squares with these crosslinks 
were fabricated according to the protocol listed in Methods (§ 3.4). The resulting structures swelled to equilibrium due 
to solvent uptake in TAE/Mg2+ buffer, after which the samples were immersed in TAE/Mg2+ buffer containing 33.3 μM 
of F1 DNA strand that is complementary to the single stranded region within the crosslink. (b) Representative images of 
samples before and after treatment with F1. Approximately 24 hours after the addition of F1 strand, the gels had swelled 
uniaxially by roughly 5%. Brightness and contrast of the images was adjusted using ImageJ. Scale bars are 2 mm. 
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Figure S3.3 Micromolding and stress-strain measurements of a poly(Am-co-DNA) hydrogel. To determine the 
stiffness of the DNA-crosslinked hydrogels used in this study, elastic moduli measurements were obtained for a fully 
hydrated poly(Am-co-DNA) hydrogel. (a) A PDMS micromold was prepared by mixing base and curing components of 
Sylgard 184 in a 1:10 volume ratio. The resulting solution was poured over a negative pattern, wooden cubes, in a petri 
dish. The mixture was then heated at 70 °C for one hour and allowed to cool to room temperature. The PDMS mold was 
then peeled off the negative pattern and taken out of the petri dish. A poly(Am-co-DNA) gel cube sample with dimensions 
of roughly 4.7 x 4.7 x 4.7 mm was prepared by photopolymerization of a system 1 pregel solution in the PDMS mold. 
The gel was exposed to 365 nm UV light with an intensity of 7.55 mW/cm2 for five minutes to ensure complete curing 
of the pregel solution. The gel sample was then placed in 3 mL of fresh TAE/Mg+2 buffer and was allowed to swell due 
to solvent uptake to equilibrium over a period of roughly two weeks, with the buffer being replaced approximately every 
3 days. (b) The elastic modulus of the DNA gel sample was measured using a controlled force, unconfined compression 
test at room temperature (Q800 DMA; TA instruments). The applied force on the gel sample was ramped to a maximum 
static force of 2 mN at a rate of 1 mN/min. Once the maximum static force was reached, the applied force was ramped 
down to 0 N at the same rate. Static force and displacement data for the loading portion of the compression test were 
used to generate true stress and true strain curves for the sample. The elastic modulus was measured as the slope of the 
best-fit line to the stress-strain curve. Previously D. C. Lin et al. (J. Biomech. Eng. 2004, 126, 104-110) reported that the 
elastic moduli for a poly(Am-co-DNA) gel ranges from 59 Pa to 11.6 KPa depending on crosslink density, consistent 
with these measurements.  
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Figure S3.4 Long-term stability of photopatterned poly(Am-co-DNA) gel architectures. Poly(Am-co-BIS) 
/poly(Am-co-DNA) crab architectures were prepared as described in § 3.4 Methods and Fig. S3.17. The micrographs 
show a typical crab (left) after fabrication and immersion in TAE/Mg2+ buffer for 24 hours, and then (right) the same 
structure after storage at 4 °C in TAE/Mg2+ buffer for roughly five months. Prior to imaging the crab after storage, the 
sample was flipped over in the course of handling. Scale bar is 2 mm.  
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Figure S3.5 The degree of swelling of poly(Am-co-DNA) gels can be controlled by adjusting the relative 
percentages of terminator and polymerizing hairpins. To assess the degree of expansion, poly(Am-co-DNA) gel 
squares and hairpin solutions with a total hairpin concentration of 20 μM of each of the two hairpin types (e.g. H1, H2) 
– with the percentages of terminator shown in the legend – were prepared following the protocols listed in the Methods 
section. Before the gel squares were added to the hairpin solution, they were allowed to take up buffer in a DNA-free 
solution for 24 hours. This DNA-free solution also contained 2x SYBR Green I nucleic acid stain to enable the gels to 
be imaged via fluorescence during swelling. For each percentage listed, 4 hydrogel squares were mixed with 3 mL of 
buffer containing the corresponding hairpin concentrations in a standard petri dish. After the gels were added to the 
hairpin solutions, images of the gels were captured every 20 minutes in standard gel imager. At each time point, all four 
sides of each DNA gel sample were measured manually and averaged, then divided by the average lengths of the sides 
at time zero to obtain a uniaxial swelling measurement, which we denote as ∆𝐿 𝐿0⁄ . For samples that curled during 
expansion (some of the 0% and 2% terminator samples), the lengths of observable sides were averaged to calculate the 
degree of uniaxial swelling. Samples were tracked for 36 hours. Data for the 0% sample is not shown after 24 hours 
because the squares dimmed and their size could no longer be tracked reliably. Error bars represent a single standard 
deviation about the mean swelling value (N = 4).  
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Figure S3.6 Swelling of poly(Am-co-DNA) films of different thicknesses. The swelling kinetics of 1x1 mm, system 1 
poly(Am-co-DNA) hydrogel squares, with measured thicknesses of 44 μm ± 3 μm and 136 μm ± 2 μm (mean ± SD), in 
response to system 1 hairpins. The thickness was measured before the addition of hairpins for 4 samples using a confocal 
microscope as described in Methods. Uniaxial swelling is averaged for at least three samples for each thickness. Error 
bars represent a single standard deviation about the mean swelling value.  
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Figure S3.7 Swelling of poly(Am-co-DNA) films with different hairpin toehold lengths. (A) DNA crosslinker and 
hairpin systems containing either 3, 4 or 6 base pair toeholds were designed. The altered domains are indicated with 
arrows. The DNA crosslinker and hairpin system with the 3 bp toeholds are designated in the main text as “system 1.” 
(B) The crosslinker complexes were prepared by annealing strand C with a C’ strand containing 3 bp, 4 bp, or 6 bp 
toehold regions according to the protocol outlined in the Methods section. The 1 mm x 1 mm x 60 μm photopatterned 
poly(Am-co-DNA) hydrogel squares were swelled via the addition of a 20 μM, 2% terminator hairpin solution consisting 
of polymerizing and terminator hairpins with regions complementary to the 3 bp, 4 bp, or 6 bp toehold regions. Uniaxial 
swelling values are averaged for at least three samples for each toehold length. Error bars represent a single standard 
deviation about the mean swelling value.  
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Figure S3.8 Swelling of poly(Am-co-DNA) films with different total hairpin concentrations. The swelling kinetics 
of 1 mm x 1 mm x 14 μm photopatterned poly(Am-co-DNA) hydrogel squares containing system 1 crosslinker. The 
samples were placed in 3 mL of buffered solution containing 10, 20, 30 or 40 μM of overall hairpins, 2% of which was 
terminator hairpin monomers. Uniaxial swelling values are averaged for at least 3 samples for each hairpin concentration. 
Error bars represent a single standard deviation about the mean swelling value.  
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Figure S3.9 DNA-driven expansion of poly(Am-co-DNA) gels crosslinked by different sequences in response to 
their respective polymerizing hairpins. Poly(Am-co-DNA) gel samples were prepared as described in the Methods 
section with either system 2, system 3 or system 4 crosslink complexes. All gel samples were 1 mm x 1 mm x 60 μm in 
size. To visualize the gels, samples were stained overnight in 2x SYBR Green I nucleic acid stain and subsequently 
washed in fresh TAE/Mg2+ buffer before being added to a 20 μM hairpin solution containing either 0% or 2% terminator 
hairpin and were monitored via fluorescence microscopy. Sample dimensions were measured manually using ImageJ 
software. The error bars show a single standard deviation about the mean swelling value of at least four samples in a 
particular hairpin solution.  
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Figure S3.10 Poly(Am-co-DNA) gels do not expand in solutions of non-complementary hairpin types. Poly(Am-co-
DNA) gels containing either system 1 or system 2 crosslinks were prepared following the protocol listed in the Methods 
section. The gels were stained overnight in 2x SYBR Green I nucleic acid stain and were subsequently washed in fresh 
TAE/Mg2+ buffer prior to adding the DNA hairpin solution. Four gel samples crosslinked with system 1 DNA complexes 
were placed in a 20 μM solution of system 2 polymerizing hairpins (with 0% terminator). Conversely, four gel samples 
crosslinked with system 2 DNA complexes were placed in a 20 μM solution of system 1 polymerizing hairpins (with 0% 
terminator). The gels were monitored via fluorescence microscopy; sample dimensions were manually measured using 
ImageJ software. The error bars represent a single standard deviation about the mean swelling value of all the samples 
exposed to a given hairpin solution. 
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Figure S3.11 Sequence-specific incorporation of hairpins into poly(Am-co-DNA) gels during expansion. To verify 
that DNA hairpins accumulate in poly(Am-co-DNA) gels when expansion occurs but not otherwise, two sets of poly(Am-
co-DNA-co-rhodamine) gels – one crosslinked with system 1 and the other crosslinked with system 2 – were each first 
exposed to a solution of system 1 hairpins, then to a solution of system 2 hairpins. The H1 polymerizing hairpin in each 
system was labeled on the 5’ end with a FAM fluorophore. The system 1 gel was patterned as a triangle, whereas the 
system 2 gel was patterned as a square so that the type of crosslinks within the gel could be identified by the gel’s shape. 
Before the addition of hairpins, both samples were visible under a Nikon AZ100 epifluorescence microscope using a G-
2E/C filter cube (528-533 nm excitation, 590-650 bandpass) because of the rhodamine dye; no significant fluorescence 
was observed when imaging with the FAM filter. After the addition of 19.6 μM of FAM-labeled system 1 hairpins and 
0.4 μM unlabeled system 1 terminator hairpins (i.e. a 2% fraction of the total hairpins, following other experiments), the 
gel with system 1 crosslinks (the triangle) expanded and was readily visible in the FAM channel, whereas the other shape 
was not visible. The samples were then transferred to a solution of 19.6 μM of FAM-labeled system 2 hairpins and 0.4 
μM unlabeled system 2 terminator hairpins (i.e. a 2% fraction of the total hairpins, following other experiments). In this 
solution the system 1 crosslinked-gel did not change significantly in size or brightness, but the system 2-crosslinked gel 
expanded and became visible in the FAM channel. Scale bars are 1 mm.  
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Figure S3.12 Process Diagram for poly(Am-co-BIS) / poly(Am-co-DNA) Hydrogel Bilayer Fabrication.Parameters 
such as bake temperature/time, spacer thickness and solution concentrations are given in the Methods section. After each 
UV exposure, the resulting samples were washed with TAE/Mg2+/Ca2+ buffer to remove unpolymerized monomers and 
DNA crosslinks. The calcium cations in the buffer prevent degradation of the ionic crosslinks of the poly(acrylic acid) 
sacrificial layer.  
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Figure S3.13 Swelling of poly(Am-co-BIS) and poly(Am-co-DNA) hydrogels after patterning due to solvent 
uptake.Both the poly(Am-co-BIS) and poly(Am-co-DNA) gels swell in TAE/Mg2+ buffer after photopatterning due to 
solvent uptake. This solvent uptake controls the initial size of the gels when DNA is added to induce specific actuation. 
Differential swelling of poly(Am-co-BIS) and poly(Am-co-DNA) gels due to solvent uptake caused the bilayers in Fig. 
3.3 to curve slightly before DNA-driven actuation, as seen in Fig. 3.3A. To measure the extent of swelling through solvent 
uptake for each gel type, poly(Am-co-BIS) and poly(Am-co-DNA) hydrogels were photopatterned as described in 
Methods. The poly(Am-co-BIS) gels were labeled with rhodamine B via copolymerization with acrylamide and BIS, 
whereas the poly(Am-co- DNA) gels were stained overnight in 2x SYBR Green dye. The gels were then allowed to 
equilibrate in TAE/Mg2+ buffer for 24 hrs. The poly(Am-co-BIS) gels swelled uniaxially due to solvent uptake by an 
average of 0.12 ± 0.04 (mean ± SD, N = 5). The poly(Am-co-DNA) gels uniaxially swelled due to solvent uptake by an 
average of 0.36 ± 0.04 (mean ± SD, N = 4). Images of sample (a) poly(Am-co-BIS) and (b) poly(Am-co-DNA) gels after 
24 hours of equilibration in solvent are shown. The degree of swelling was calculated using pattern dimensions of the 
photomask as the initial lengths of the gel edges. Scale bars are 1 mm.  

 



 71 

 

  

Figure S3.14 Kinetics of BIS/DNA bilayer actuation. Gel bilayer architectures comprised of a bottom poly(Am-co-
BIS) layer and a top poly(Am-co-DNA) layer were fabricated as described in Methods and Fig. S3.12. After fabrication, 
the gel structures were allowed to equilibrate in TAE/Mg2+ for at least 24 hours. Next, the samples were placed in 3 mL 
of 20 μM hairpin solution containing 2% terminator hairpin. The curvature of the samples was monitored via fluorescence 
microscopy and was measured using ImageJ software. Each of the data points represents measurements from 3 samples. 
Error bars represent a single standard deviation about the mean curvature value.  
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Figure S3.15 Measurement of the Young’s modulus for poly(Am-co-BIS) hydrogels. Three poly(Am-co-BIS) 
hydrogel samples, each 8 mm x 8 mm x 8 mm in size, were fabricated via photopolymerization of 5% Am:BIS (19:1) 
pregel solution in a previously prepared PDMS mold (see Fig. S3.3). The hydrogel samples were then placed in 1x 
TAE/Mg2+for two days to swell to equilibrium via solvent uptake. To obtain elastic moduli values for the gels, the samples 
were subjected to an unconfined compression, controlled-force deformation test (Q800 DMA, TA instruments). The 
applied force was increased at a rate of 0.01 N/min until a maximum static force of 0.015 N was reached, after which the 
load was reduced at the same rate to 0 N. True stress-strain curves were generated from the raw static force and 
displacement data. Elastic moduli values were calculated as the tangent to the best fit quadratic curve at 1% strain, and 
were determined to be 2.24 kPa, 2.18 kPa and 2.17 kPa for samples 1, 2 and 3, respectively. They are on the order of 
previously determined elastic moduli values for poly(Am-co-BIS) gels prepared with similar concentrations of Am and 
BIS (see Curr. Protoc. Cell Biol. 2010, Chapter 10, Unit 10.16).  
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Figure S3.16 Flower fabrication. Parameters such as bake temperature/time, spacer thickness and solution 
concentrations are listed in Methods.  
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Figure S3.17 Crab fabrication. Parameters such as bake temperature/time, spacer thickness and solution concentrations 
are listed in Methods. 
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Figure S3.18 BIS/DNA bilayer crab stability after actuation. Poly(Am-co-BIS)/poly(Am-co- DNA) crab architectures 
were prepared according to the protocol described in Methods and Fig. S3.17. Each DNA domain of the bilayers was 
actuated via treatment with a solution containing 20 μM of the systems 1-3 hairpins, with 2% terminator, for at least 24 
hours at room temperature. The actuated crab bilayers then were stored in this same buffer at 4 °C for 2 months. The 
samples were imaged after the room temperature incubation (left) and after storage at 4 °C for two months (right) via 
fluorescence microscopy. Scale bars are 2 mm.  
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Figure S3.19 Finite element model of the BIS/DNA hydrogel bilayer. Green represents poly(Am-co-BIS) hydrogel 
and red represents poly(Am-co-DNA) hydrogel.  
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Figure S3.20 Computational predictions of bilayer curvature as DNA gel swelling ratio, DNA gel thickness, and 
DNA and BIS gel shear moduli are individually varied. (A) DNA gel volumetric swelling ratio was changed from 5 
to 12, while a DNA gel thickness of 60.6 μm, DNA gel shear modulus of 229 Pa, BIS gel thickness of 71.6 μm and BIS 
gel shear modulus of 733 Pa were kept constant; (B) DNA gel thickness was changed from 0.013 to 0.07 mm, while a 
DNA gel shear modulus of 229 Pa, DNA gel volumetric swelling ratio of 6.91, BIS gel thickness of 71.6 μm and BIS gel 
shear modulus of 733 Pa were kept constant; (C) DNA gel shear modulus was changed from 2.29 to 850 Pa for a BIS gel 
shear modulus of 633~833 Pa, while a DNA gel thickness of 60.6 μm, DNA gel volumetric swelling ratio of 6.91 and 
BIS gel thickness of 71.6 μm were kept constant; (D) BIS gel shear modulus was changed from 233 to 1433 Pa while a 
DNA gel shear modulus of 229 Pa, DNA gel thickness of 60.6 μm, DNA gel volumetric swelling ratio of 6.91 and BIS 
gel thickness of 71.6 μm were kept constant.  
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Table S3.1 DNA sequences of crosslinker and hairpin systems. All sequences were ordered from IDT in their 
lyophilized form and resuspended with TAE/Mg2+. Sequences for acrydite-modified strands are preceded with a 
/5ACryd/ designation.  

System 1 Strands 
DNA Strand Sequence 
S1-C /5ACryd/TAAGTTCGCTGTGGCACCTGCACG 
S1-C’ /5ACryd/CAACGTGCAGGTGCCACAGCGTGG 
S1-H1 CCACGCTGTGGCACCTGCACGCACCCACGTGCAGGTGCCACAGCGAACTTA 
S1-H2 TGGGTGCGTGCAGGTGCCACAGCGTAAGTTCGCTGTGGCACCTGCACGTTG 
S1-H1T CCACGCTGTGGCACCTGCACGTAGACTCGTGCAGGTGCCACAGCGAACTTA 
S1-H2T TGGGTGCGTGCAGGTGCCACAGCGGCCTAGCGCTGTGGCACCTGCACGTTG 
S1-H1_FAM /56-FAM/CCACGCTGTGGCACCTGCACGCACCCACGTGCAGGTGCCACAGCGAACTTA 
Control Hairpin GCTATCTAGCATCGCACGCTCTTTTTTGAGCGTGCGATGCTAGATGCGTAC 

 
 

System 2 Strands 
DNA Strand Sequence 
S2-C /5ACryd/CTGTCTGCCTACCACTCCGTTGCG 
S2-C’ /5ACryd/ATTCGCAACGGAGTGGTAGGCTTT 
S2-H1 AAAGCCTACCACTCCGTTGCGGAACCTCGCAACGGAGTGGTAGGCAGACAG 
S2-H2 AGGTTCCGCAACGGAGTGGTAGGCCTGTCTGCCTACCACTCCGTTGCGTTG 
S2-H1T AAAGCCTACCACTCCGTTGCGTCAAGCCGCAACGGAGTGGTAGGCAGACAG 
S2-H2T AGGTTCCGCAACGGAGTGGTAGGCAATCGTGCCTACCACTCCGTTGCGTTG 
S2-H1_FAM /56-

FAM/AAAGCCTACCACTCCGTTGCGGAACCTCGCAACGGAGTGGTAGGCAGACA
G 

 
 

System 3 Strands 
DNA Strand Sequence 
S3-C /5ACryd/GGAACTCGGCAGTCGTCCAAGCGA 
S3-C’ /5ACryd/ATCTCGCTTGGACGACTGCCGTAT 
S3-H1 ATACGGCAGTCGTCCAAGCGATACGGCTCGCTTGGACGACTGCCGAGTTCC 
S3-H2 GCCGTATCGCTTGGACGACTGCCGGGAACTCGGCAGTCGTCCAAGCGAGAT 
S3-H1T ATACGGCAGTCGTCCAAGCGACTGAGTTCGCTTGGACGACTGCCGAGTTCC 
S3-H2T GCCGTATCGCTTGGACGACTGCCGCAGATCCGGCAGTCGTCCAAGCGAGAT 

 
 

System 4 Strands 
DNA 
Strand 

Sequence 

S4-C /5ACryd/ATCGGACCAGCACTTCGCCTACGG 
S4-C’ /5ACryd/TGACCGTAGGCGAAGTGCTGGATG 
S4-H1 CATCCAGCACTTCGCCTACGGCTCTACCCGTAGGCGAAGTGCTGGTCCGAT 
S4-H2 GTAGAGCCGTAGGCGAAGTGCTGGATCGGACCAGCACTTCGCCTACGGTCA 
S4-H1T CATCCAGCACTTCGCCTACGGAAGGTGCCGTAGGCGAAGTGCTGGTCCGAT 
S4-H2T GTAGAGCCGTAGGCGAAGTGCTGGTGTATGCCAGCACTTCGCCTACGGTCA 

 
 
 

System 1: 4 Basepair Toehold 
DNA Strand Sequence 
S1_4bp-C’ /5ACryd/ACAACGTGCAGGTGCCACAGCGTGGA 
S1_4bp-H1 TCCGCGCTGTGGCACCTGCACGCACCCACGTGCAGGTGCCACAGCGAACTTA 
S1_4bp-H2 TGGGTGCGTGCAGGTGCCACAGCGTAAGTTCGCTGTGGCACCTGCACGTTGT 
S1-4bp-H1T TCCGCGCTGTGGCACCTGCACGAAACGGCGTGCAGGTGCCACAGCGAACTTA 
S1-4bp-H2T 

TGGGTGCGTGCAGGTGCCACAGCGCGACAACGCTGTGGCACCTGCACGTTGT 
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System 1: 6 Basepair Toehold 
DNA Strand Sequence 
S1_6bp-C’ 

/5ACryd/GTACAACGTGCAGGTGCCACAGCGTGGATC 
S1_6bp-H1 

GATCCGCGCTGTGGCACCTGCACGCACCCACGTGCAGGTGCCACAGCGAACTTA 
S1_6bp-H2 

TGGGTGCGTGCAGGTGCCACAGCGTAAGTTCGCTGTGGCACCTGCACGTTGTAC 
S1-6bp-H1T GATCCGCGCTGTGGCACCTGCACGAAACGGCGTGCAGGTGCCACAGCGAACTTA 
S1-6bp-H2T TGGGTGCGTGCAGGTGCCACAGCGGCCTAGCGCTGTGGCACCTGCACGTT 

 
 
 
 

3-Strand Crosslink System Strands 
DNA Strand Sequence 
SA1 ACGGAGGTGTATGCAATGTC 
SA2 CATGCTTAGGGACGACTGGA 
L3 TCCAGTCGTCCCTAAGCATGTGTTCGACGGTACAAGAAGAGGGTTACGCTAATGAGT

GCTGACATTGCATACACCTCCGTA 
F1 AGCACTCATTAGCGTAACCCTCTTCTTGTACCGTCGAACAGATAGAGCTG 
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Table S3.2 Parameters determined for DNA and BIS hydrogels. 
Parameters G (Pa)  for the hydrated state  for the DNA-actuated state 

DNA gel 229 0.55 0.51 

BIS gel 733 0.55 0.51 

 
 
Movie S3.1 DNA-hairpin driven expansion of a poly(Am-co-DNA) gel in a solution of 20 μM 

polymerizing hairpins. Time lapse fluorescence video of a 1 mm x 1 mm x 60 μm, SYBR Green-stained 

poly(Am-co-DNA) gel over 44 hours. The video is shown 8,300x faster than real time. The gel sample was 

visualized using a Syngene gel imager and blue light transilluminator (see Methods). Individual frames 

were subjected to histogram clipping and contrast stretching in MATLAB. 

 
Movie S3.2 DNA-driven expansion of a poly(Am-co-DNA) gel in a solution of 98% polymerizing 

hairpin and 2% terminator hairpins. Total hairpin concentration is 20 µM. Time lapse video of a SYBR 

Green-stained, 1 mm x 1 mm x 14 μm poly(Am-co-DNA) gel showing expansion to well-defined final size 

when exposed to a solution of polymerizing and terminator hairpin. The video is shown 8,600x faster than 

real time. The gel sample was visualized using a Syngene gel imager and blue light transilluminator (see 

Methods). Individual frames were subjected to histogram clipping and contrast stretching in MATLAB. 
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CHAPTER 4 ADDITIONAL CROSSLINKER SCHEMES, 
SWELLING RESULTS, AND SACRIFICIAL LAYER PROTOCOLS 
 

4.1 INTRODUCTION 

Prior to discovering the large degree of expansion enabled by the crosslinker design and DNA 

insertion mechanism detailed in the previous chapter, numerous other DNA-based crosslinkers and 

accompanying swelling reactions were attempted. The purpose of this chapter is to succinctly report on the 

methods and results of these swelling experiments. These previous DNA crosslinker designs were largely 

taken from previously published work by Lin et. al., although minor modifications were made in an attempt 

to increase swelling (e.g., addition of a hairpin-loop structure). In addition to DNA-induced hydrogel 

expansion, alternative approaches to achieving a chemoresponsive sacrificial layer were explored as well. 

Attempts to use Ca2+-crosslinked alginate, or a DNA-crosslinked hydrogel material itself, as a sacrificial 

element will be briefly discussed.  

4.2 RESULTS & DISCUSSION 

4.2.1 Alternative approaches to a chemoresponsive sacrificial layer 

Before ultimately settling on a poly(acrylic acid) sacrificial layer protocol that was originally 

developed by the Whitesides laboratory,91 the suitability of several other materials as sacrificial layers was 

explored. The main parameters that determined whether a material was suitable as a sacrificial layer were: 

(a) whether hydrogel structures could be reliably photopatterned on top of the sacrificial layer (which, in turn, 

presumably relies on homogeneity and surface roughness of the layer), (b) whether the layer can selectively 

dissolve in the presence of specific chemical triggers, and (c) whether any of the components of the sacrificial 

layer or dissolving agents will destabilize poly(Am-co-DNA) gels. 
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The first material that was explored as a possible sacrificial layer was Ca2+-crosslinked sodium 

alginic acid, herein referred to as alginate. While previously used as a sacrificial element for the capture of 

cells99 and fabrication of 3D hydrogel structures,100,101 it had not been employed in the photolithographic 

production of hydrogel structures. The chemically selective fabrication and dissolution of the alginate 

sacrificial layer is due to the reversible, ionic nature of its crosslinking: alginate strands are ionically 

crosslinked in the presence of divalent cations, while ionic crosslinks are disrupted in the presence of 

monovalent cations or chelators. The monovalent cations simply replace divalent cations as coordinate sites 

for the anionic ligands, whereas a chelator disrupts the ionic crosslink by sequestering the divalent cations 

themselves. With respect to alginate, calcium cations are often used as the cation of choice, whereas 

ethlyenediaminetetraacetic acid (EDTA) is often used due to its availability, cost, and well-studied 

properties.102  

To test whether alginate was a suitable sacrificial element for our gel fabrication protocol, a roughly 

10 micron-thick layer of alginate was deposited onto clean glass slides, which were then treated with aqueous 

CaCl2 to crosslink the alginate polymer strands. Once crosslinking was complete, the alginate-coated glass 

slides were then used as substrates for photopatterning poly(Am-co-BIS) and poly(Am-co-DNA) hydrogel 

structures (see § 4.4 Materials & Methods). While BIS-crosslinked gels were successfully photopatterned 

onto the alginate sacrificial layer, only roughly 30% of the samples lifted off the substrate when treated with 

EDTA (Figure 4.1A). Patterning the DNA-crosslinked hydrogels proved more challenging as a well-defined 

structure was never produced (Figure 4.1B), possibly due the rough profile of the alginate sacrificial layer. 

Figure 4.1 Fabrication of gels on a Ca2+-crosslinked alginate sacrificial layer. (A) Fabrication of star-shaped 5% 
(wt/wt) poly(Am-co-BIS) hydrogel structures on a sacrificial layer of calcium-crosslinked alginate. (B) Attempted 
fabrication of star-shaped poly(Am-co-BIS) hydrogel structures on a similarly-produced sacrificial layer of alginate. It 
was estimated that the thickness of the alginate layer was approximately 10 microns. 
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Due to the difficulty of patterning DNA-crosslinked hydrogels, alginate was abandoned as a prospective 

sacrificial layer. 

In addition to alginate, DNA-crosslinked polyacrylamide hydrogels themselves were tested as a 

potential sacrificial layer. Owing to the large sequence space inherent in DNA-based reactions, a large 

number of orthogonal DNA crosslinking sets – where each set is comprised of DNA strands that form the 

crosslinking complex as well as the accompanying release strands that disrupt it – could be designed such 

that each set is unreactive towards any other set. This made DNA-crosslinked hydrogels a potential candidate 

to serve as a sacrificial layer since multiple, non-interacting DNA-crosslinked gels could be designed. To test 

whether a poly(Am-co-DNA) gel could be used as a sacrificial layer, a pre-gel solution consisting of 

acrylamide monomers, SA3•SA4•L2 crosslinker complex, and Irgacure 2100 photoinitiator was dropcast 

onto a clean glass slide and photopolymerized with UV light to form a sacrificial DNA hydrogel layer (Fig. 

4.2). Onto the sacrificial layer was photopatterned star-shaped poly(Am-co-BIS) hydrogels in an array of 

different sizes. While the BIS-crosslinked hydrogels were precisely photopatterned – with strong fidelity to 

the sample dimensions on the chrome mask – from fluorescence imagery it appeared that the poly(Am-co-

DNA) sacrificial layer disintegrated upon either photopatterning the BIS-crosslinked gels or subsequent 

washing with TAE/Mg2+ buffer. Despite several additional attempts, the poly(Am-co-DNA) hydrogels 

sacrificial layer consistently disintegrated after photopatterning gel samples. Poly(Am-co-DNA) hydrogels 

were therefore abandoned as a potential sacrificial layer. See § 4.4.2 for a description of hydrogel 

components. 

Figure 4.2 DNA-crosslinked polyacrylamide hydrogel as a sacrificial layer. (A) Brightfied image of a glass substrate 
partially coated with a DNA-crosslinked polyacrylamide sacrificial layer. The black marker outlines the approximate 
area covered by the DNA copolymer gel layer. This was visually confirmed immediately after polymerization of the 
sacrificial layer. Poly(Am-co-BIS) gels are faintly apparent on top of the sacrificial layer and substrate. (B) Upon staining 
with 100x SYBR Gold, it appeared that the DNA sacrificial layer disintegrated either upon photopatterning of the 
poly(Am-co-BIS) hydrogels or subsequent washing. (C) Multichannel, RGB image comprised of the grayscale images 
given in (A) and (B). Image (A) populates the green channel, whereas image (B) populates the red channel. 
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The failure of both DNA-crosslinked polyacrylamide and Ca2+-crosslinked alginate sacrificial layers 

to meet the proposed criteria for a sacrificial layer led to a search for a new base material – one that would 

dissolve upon exposure to specific reagents compatible with DNA and, in addition, allow for subsequent 

photopatterning of hydrogel materials. Upon reading the work by Linder et al.91 it became apparent that 

poly(acrylic acid) (PAA) could meet our criteria: its ion specific gelation and dissolution via Ca2+/Na+, 

respectively, as well as its proven ability to serve as a sacrificial element for subsequent photopatterning of 

soft materials make it an ideal candidate to employ in the construction of DNA-programmable soft matter 

devices. As shown in Figure 4.3, PAA was mechanically, and chemically, robust enough to withstand 

subsequent patterning of DNA-crosslinked gels. See § 3.4 for a description of how to fabricate and dissolve 

the PAA sacrificial layer. 

4.2.2 Swelling of poly(Am-co-DNA) gels using alternative crosslinker schemes 

Prior to the discovery of roughly 100-fold volumetric swelling of poly(Am-co-DNA) gels via the 

autonomous polymerization scheme detailed in Venkataraman et al.,82 several other crosslinking motifs were 

explored to determine whether swelling sufficient for hydrogel-based devices was achievable. The designs 

for these motifs were largely based on previous studies by given by Lin et al.39,40 Using these DNA crosslinker 

designs we sought to swell photopatterned poly(Am-co-DNA) hydrogels by either disrupting, lengthening, 

or stiffening the DNA-based crosslinker complex.  

Figure 4.3 Photopatterning and liftoff of poly(Am-co-DNA) hydrogels on a PAA sacrificial layer. (A) 
Photopatterned poly(Am-co-DNA) hydrogels (see § 3.4 for a description of hydrogel synthesis). The regular order of the 
gel samples indicates that are adhered to the PAA sacrificial layer substrate. (B) Upon the addition of NaCl, the PAA 
sacrificial layer dissolves and the samples liftoff from the substrate. 
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To determine the efficacy of each DNA crosslinker, swelling experiments similar to, but not the 

same as, those detailed in Chapter 3 were performed. Here, each swelling experiment used square gels – 

roughly 60-70 𝑚 thick – that were stained in SYBR Green nucleic acid dye to enable monitoring of lateral 

gel dimensions via fluorescent imaging (see § 3.4 for protocol). Since it was impossible to track the swelling 

of individual samples over time (due to equipment constraints), Δ𝐿 𝐿0⁄  was defined as 

 Δ𝐿

𝐿0
=
〈𝐿𝑖〉 − 〈𝐿0〉

〈𝐿0〉
 (4.1) 

where 〈𝐿0〉 is the average length of (at least) ten samples prior the addition of DNA reactants. and 

〈𝐿𝑖〉 is the average length of (at least) ten gel samples at time 𝑡𝑖 . Furthermore, the average length of each 

sample at any time point was itself calculated as the average length of two adjacent sides. It was assumed 

that 〈𝐿𝑖〉 and 〈𝐿0〉 are independent random variables and, as a result, that the error can be approximated by 

the following expression: 

Figure 4.4 DNA crosslinker design and NUPACK analysis. (A) Schematic of DNA crosslinkers in a polyacrylamide 
gel. Reverse complementary domains are given the same color. The gel matrix is fabricated with two sets of orthogonal 
DNA crosslinkers. One of the crosslinker complexes is disrupted upon the addition of its respective release strand. (B) 
Thermodynamic stability, predicted by NUPACK, of each crosslinker complex and the resulting duplex that is formed 
upon addition of release strand. 
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𝐸𝑟𝑟𝑜𝑟 ≈ √(−

〈𝐿𝑖〉

〈𝐿0〉2
)

2

𝑠𝐿0
2 + (

1

〈𝐿0〉
)
2

𝑠𝐿𝑖
2  (4.2) 

where 𝑠𝐿0  and 𝑠𝐿𝑖  represent the standard deviations of the initial, 𝑡0 , and final, 𝑡𝑖 ,  length 

measurements, respectively.  

Initially, we tested the swelling response of hydrogels crosslinked with 3-strand DNA complexes of 

the design previously used by Lin et al.40 Since a hydrogel crosslinked with only one set of DNA crosslinker 

complexes would liquefy upon crosslink disruption, an orthogonal DNA crosslinker – of the same secondary 

structure – was added to the pregel solution (Figure 4.4A). After photopolymerization the resulting gel was 

crosslinked by two orthogonal sets of DNA complexes, thereby preventing the complete dissolution of the 

poly(Am-co-DNA) upon the addition of a release strand to disassemble one of the crosslinker complexes 

(Figure 4.4A). 

 Poly(Am-co-DNA) hydrogels were initially fabricated containing 0.577 mM of each DNA 

crosslinker complex, thus bringing the total DNA crosslinker concentration to 1.154 mM. This is consistent 

with DNA crosslinker concentrations used in the swelling studies presented in Chapter 3. See Table 4.1 for 

DNA sequence information. As shown in Figures 4.5 and 4.6, the swelling of these gels in response to either 

DNA strand REF (the release strand for the E•F•LEF crosslinker complex) or DNA strand R1 (the release 

Figure 4.5 Swelling after addition of strand R1. Swelling of poly(Am-co-DNA) hydrogels containing crosslinker 
complexes E•F•LEF and SA3•SA4•L2, each of which is at 0.577 mM. DNA strand R1 reacts with the latter complex to 
remove the linker (L2) ssDNA. The swelling reaction was allowed to proceed for at least 24 hours. Individual batches of 
samples (i.e., from an individual pregel solution) are represented by different colors in the bar plot. Error bars are 
calculated according to Eqn 4.2. 
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strand for the SA3•SA4•L2) was investigated. Both strand REF and R1 were added to approximately 8x mole 

excess relative to the crossslinker concentration (assuming 100% incorporation during radical chain 

copolymerization).  In either case, over multiple different batches of samples, the gels never swelled more 

than 0.30 – far below what was predicted necessary to achieve deformation of DNA- or BIS-crosslinked 

hydrogel devices. Assuming that each DNA crosslinking complex has similar levels of reactivity with 

acrylamide monomers during radical chain polymerization, then it would be expected that disrupting either 

the E•F•LEF or SA3•SA4•L2 crosslinker complex would lead to similar levels of uniaxial swelling, which 

was observed among the repeated swelling experiments. Among all swelling experiments similar levels of 

variation were observed. 

With equimolar amounts of each crosslinking complex the largest decrease in crosslink density, and 

concomitant increase in swelling, that one can expect to achieve is 50%. To increase this value, poly(Am-co-

DNA) gels were fabricated containing twice the total concentration of DNA crosslinker complex and, more 

importantly, skewed relative concentrations of each crosslinker complex. Seventy percent and ninety percent 

reductions in crosslink density were attempted by adding R1 strand to gels containing 70/30 and 90/10 ratios 

of SA3•SA4•L2/E•F•LEF crosslinker complexes, respectively. Unfortunately, these swelling experiments 

yielded uniaxial swelling values similar to what we achieved with a 1.154 mM total DNA crosslinker 

concentration. 

Figure 4.6 Swelling after addition of strand REF. Swelling of poly(Am-co-DNA) hydrogels containing crosslinker 
complexes E•F•LEF and SA3•SA4•L2, each of which is at 0.577 mM. DNA strand REF reacts with the former complex 
to remove the linker LEF strand. The swelling reaction was allowed to proceed for at least 24 hours. Individual batches 
of samples (i.e., from an individual pregel solution) are represented by different colors in the bar plot. Error is calculated 
according to Eqn. 4.2. 
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In light of the results obtained with crosslinker designs from Lin et al.’s 2004 publication, poly(Am-

co-DNA) hydrogels were synthesized containing the “tensegrity” design in their 2005 publication.39 The 

secondary structure of this complex differs from the 2004 design via the insertion of a 40 nucleotide single-

stranded region into the linker strand – referred to as L3 in the 2005 design – between the domains that 

hybridize to the acrydite-modified strands SA1 and SA2 (Figure 4.8). Upon hybridization of an external fuel 

strand, termed F1, to the single-stranded region in L3, the crosslinker complex stiffens and can act as a rigid 

strut capable of supporting external loads applied to the gel. It was thought that there would some swelling 

accompanying this stress-generating process. Additionally, since the crosslinker complex maintains contact 

with both original polyacrylamide backbone strands throughout this stiffening process, only a single DNA 

crosslinker set would be necessary to maintain the integrity of the gel and prevent dissolution. Unfortunately, 

this stiffening process exhibited swelling extents smaller than that shown for gels crosslinked with DNA 

complexes taken from Lin et al.’s 2004 publication (Figure 4.9). 

Figure 4.7 Swelling of poly(Am-co-DNA) hydrogels containing higher proportions of removable crosslinker. The 
total concentration of DNA crosslinker complex is 2.31 mM. One batch of gels was produced with a 70/30 distribution 
of SA3•SA4•L2/E•F•LEF crosslinker complexes, whereas another batch was produced with a 90/10 distribution of 
SA3•SA4•L2/E•F•LEF crosslinker complexes. Two groups of samples from the 90/10 batch were swelled (magenta 
bars). Error is calculated according to Eqn. 4.2. 
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It was thought that the insufficient swelling obtained from employing Lin et al.’s 2005 tensegrity 

crosslinker design stemmed from the small change in length accompanying the transition of the linker strand 

from partially double-stranded to fully double-stranded. Therefore, the 40 nucleotide single-stranded region 

in L3 was redesigned to contain a hairpin (14 basepair stem and 4 base loop) domain that, when opened via 

the addition of a corresponding fuel strand F1hp, would form a linear DNA duplex (Figure 4.10). To ensure 

that the swelling of the poly(Am-co-DNA) gels is not limited by the kinetics of the hairpin-opening reaction, 

an eight-base toehold domain was inserted directly adjacent (on the 3’ side) of the hairpin domain. Upon the 

Figure 4.8 Tensegrity crosslinker design and NUPACK thermodynamic analysis. (A) Design of crosslinker motif 
taken from Lin et al.’s 2005 publication (see reference 45). The addition of the fuel F1 strand increases the stiffness of 
the crosslinker complex and induces swelling. (B) NUPACK simulation of the thermodynamic stability of the 
crosslinkber complex before (left) and after (right) the addition of F1 strand. The low probability of forming secondary 
structures within the 40 nucleotide single-stranded region is not believed to impact the swelling reaction. 

Figure 4.9 Swelling upon addition of F1 strand to poly(Am-co-DNA) gels crosslinked with SA1•SA2•L3. Bars with 
the same color represent swelling results of gels from the same original batch (i.e., pre-gel solution). Error is calculated 
according to Eqn. 4.2. 
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addition fuel strand – here termed F1hp – the poly(Am-co-DNA) hydrogels swelled roughly ten percent – 

too small to achieve mechanical actuation in a soft matter device comprised of poly(Am-co-BIS) and 

poly(Am-co-DNA) hydrogels (Figure 4.11).  

4.3 CONCLUSION 

Successful fabrication, swelling, and mechanical actuation of the hydrogel devices presented in 

Chapter 3 required testing of various materials and DNA crosslinker designs, respectively. Due to its 

chemoselective gelation/dissolution response, as well as mechanical robustness, Ca2+-crosslinked PAA is by 

Figure 4.11 Swelling upon addition of F1hp strand. Bars with the same color represent swelling of gels from the same 
batch (i.e., pre-gel solution). Error is calculated according to Eqn 4.2. 

Figure 4.10 Hairpin crosslinker design and thermodynamic stability. (A) DNA hairpin crosslinker design. The 
hairpin domain – stem and loop – are colored green, whereas the eight base toehold region directly adjacent is colored 
magenta. (B) Minimum free energy structure at 25 ℃ of the hairpin crosslinker before addition of fuel F1hp strand (left) 
and after (right). 
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far the superior candidate for a sacrificial layer when compared to Ca2+-crosslinked alginate and poly(Am-

co-DNA). Likewise, the high-degree swelling of poly(Am-co-DNA) hydrogels via the autonomous 

polymerization mechanism detailed in Chapter 3 (∆𝐿 𝐿0⁄  ~ 3.8) also far outperforms the alternatives 

presented here. The swelling extents provided by the crosslinker designs of Lin et al. do not approximate the 

swelling necessary to achieve actuation of DNA- or BIS-crosslinked hydrogel devices. 

4.4 MATERIALS & METHODS 

4.4.1 Preparation of substrates with Ca2+-crosslinked alginate sacrificial layer 

 The substrates with alginate sacrificial layer were prepared by first sonicating plain glass slides (25 

mm x 75 mm x 1 mm thick) in 10% (wt/vol) NaOH solution for 30 minutes, drying with N2 gas, and etching 

with O2 plasma for three minutes. Next, a 2% (wt/vol) solution of uncrosslinked alginate was prepared by 

dissolving sodium alginic acid (Scientific Polymer Products, Inc.) into MilliQ water. Approximately 2 mL 

of alginate solution was then aliquoted onto a clean glass slide and spun at 1,000 rpm to achieve a layer 

approximately 10 microns thick. To crosslink the alginate, the pre-gel sacrificial layer was then gently 

sprayed with 250 mM CaCl2. Two minutes after spraying, 2-3 mL of 250 mM CaCl2 was then aliquoted onto 

the glass slide, after which the glass slides left alone for 3 minutes to allow for additional crosslinking to 

occur. Excess 250 mM CaCl2 was removed from the substrates and replaced with 2-3 mL of 2 mM CaCl2. 

The slides were then twice washed with MilliQ water and left out at room temperature overnight to dry.  

4.4.2 Preparation of substrates with poly(Am-co-DNA) sacrificial layer 

The poly(Am-co-DNA) pre-gel solution was prepared according to the protocol given in § 3.4.2. 

The  SA3, SA4, and L2 strands were not annealed prior to adding the acrylamide monomers or Irgacure 2100 

photoinitiator. After the glass slides were cleaned via sonication in 10% NaOH solution, roughly 13 𝜇L of 

the pre-gel solution was dropcast onto the glass slide. The slide was then exposed to 365 nm UV light 

(intensity in the range of 5-8 mW/cm2) for 225 seconds. This substrate was then used to assemble a 

photolithography chamber (as described in § 3.4.3). Next, a poly(Am-co-BIS) pre-gel solution consisting of 

5% (wt/vol) of 19:1 Am:BIS (BioRad Laboratories, Inc., catalog #1610144), TAE/Mg2+, and 10% (vol/vol) 

of Irgacure 2100 was prepared and aliquoted into the assembled photolithography chamber. The chamber 

was then exposed to 30 seconds of 365 nm UV light to pattern the BIS-crosslinked hydrogels. 
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The poly(Am-co-DNA) sacrificial layer was then visualized by staining the patterned area with 100 

𝜇L of 100x SYBR Gold stain (Invitrogen, Inc., catalog #S11494) and imaging in a gel imaging box (Syngene 

EF2 G:Box) equipped with a blue light transilluminator (Clare Chemical, emission max ~450 nm) and a 

UV032 filter (Syngene, bandpass 572-630 nm).  

4.4.3 Poly(Am-co-DNA) gel fabrication and swelling studies 

The preparation of the poly(Am-co-DNA) pre-gel solution and subsequent photopatterning followed 

the protocols outlined in § 3.4. After patterning, the gels were stained overnight in a solution of 2x SYBR 

Green I nucleic acid stain (Invitrogen catalog #S7563). Before swelling, the gels were washed with excess 

TAE/Mg2+ to remove unbound SYBR Green I dye. In all swelling experiments, the release (R)- or fuel (F1)-

based strands were present in 8x mole excess relative to the crosslinker concentration. Again, this assume 

100% incorporation of the crosslink complex during radical chain polymerization. The swelling of the gels 

was monitored by fluorescence microscopy using a Nikon AZ100 stereoscope (see § 3.4 for filter cube 

details). Gels were allowed to swell for at least 24 hours to allow DNA-induced swelling reactions to reach 

equilibrium. 

 

Table 4.1 DNA Sequences
Strand Name Strand Sequence 

SA1 ACGGAGGTGTATGCAATGTC 

SA2 CATGCTTAGGGACGACTGGA 

L3 TCCAGTCGTCCCTAAGCATGTGTTCGACGGTACAAGAAGAGGGTTACGCTA 
ATGAGTGCTGACATTGCATACACCTCCGT 

F1 AGCACTCATTAGCGTAACCCTCTTCTTGTACCGTCGAACAGATAGAGCTG 

SA3 AGCTGGATCTGAGGATTAGT 

SA4 AGTATCGCACACACCTACTT 

L2 ACTAATCCTCAGATCCAGCTAAGTAGGTGTGTGCGATACTTTACATTGAT 

R1 ATCAATGTAAAGTATCGCACACACCTACTTAGCTGGATCTGAGGATTAGT 

E ACGGAGGTGTATGCAATGTC 

F CATGCTTAGGGACGACTGGA 

LEF TCCAGTCGTCCCTAAGCATGGACATTGCATACACCTCCGTAGTGTTGGTC 
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REF GACCAACACTACGGAGGTGTATGCAATGTCCATGCTTAGGGACGACTGGA 

L3hp TCCAGTCGTCCCTAAGCATGGCGAGGCTGTGCCGTTTTCGGCACAGCCTCG 
CTCGTAGTGGACATTGCATACACCTCCGT 

F1hp CACTACGAGCGAGGCTGTGCCGAAAACGGCACAGCCTCGC 
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CHAPTER 5 FORCE-SENSING DNA COPOLYMER HYDROGELS 
 

5.1 INTRODUCTION 

The construction of synthetic materials capable of initiating chemical reactions in response to 

external mechanical stimuli, i.e., mechanochemically responsive (MCR) materials, is an area of intense focus 

within the material science community.103,104 In recent years, the covalent attachment of mechanophores – 

molecules that undergo chemical transformations when subjected to mechanical forces – to organic polymer 

backbones has been one method of imbibing materials with MRC-type behavior.105 In this design, forces 

applied to the macroscopic material are transduced to the mechanophore via the polymer network. When 

sufficiently high forces are applied to the polymer network, the mechanophore undergoes a chemical 

transformation and produces an output signal (e.g., increased fluorescence, Figure 5.1). To predict the 

behavior of mechanophore-conjugated materials, microphysical models have been developed that couple the 

kinetics of mechanophore activation to the macroscopic deformation experienced by the polymeric 

material.106,107 While these approaches have yielded materials with predictable chemical responses to external 

mechanical stimuli, no MCR materials capable of biomolecular outputs have been developed.  

One way to construct MCR materials capable of interfacing with biological systems is to employ a 

biomolecule as the mechanophore. Ideally, the response of this biomolecule to mechanical forces should be 

well-characterized, and the use of this biomolecule as an engineering material should be well-documented. 

The latter point is crucial since this will facilitate integration ohjymnjf the force sensing mechanism to 

downstream chemical reactions and outputs. One biomolecule that fits this description is undoubtedly DNA: 

Figure 5.1 Schematic of MCR material. The mechanical force applied to the macroscale material is transduced to the 
inactive mechanophore crosslinks (magenta circles) via the polymer network. When sufficient forces are reached, the 
mechanophore undergoes a chemical transformation and emits an output (e.g. light, chemical reactions, change in 
mechanical properties of the MCR material, etc.). 
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over the past several decades elaborate circuits,23,108 nanostructures,109,110 and molecular-scale motors111,112 

have been constructed entirely from DNA while, over roughly this same period time, the advent of single-

molecule experimental techniques has enabled a quantitative understanding of the response of DNA to 

mechanical forces present in cells.113 Using optical tweezers, for example, RNA polymerase was estimated 

to exert roughly 20 pN of force on DNA polymers during transcription in E. coli bacteria.114,115 On the other 

hand, during DNA replication T7 DNA polymerase has been shown to generate forces as high as 35 pN on 

DNA polymers.116,117 

Furthermore, knowledge of the stress-strain behavior of individual DNA molecules has enabled 

their use as a molecular force sensor.118 Wang and Ha, for example, used DNA duplex shear and unzipping 

force sensors to gauge the force of cell adhesion to the extracellular matrix as well as the force required to 

activate the Notch signaling pathway.119 In similar fashion, Zhang et al. used hairpin force sensors to estimate 

the force dynamics experienced by a population of integrin molecules during the formation of focal 

adhesions.120 Herein we detail the design, construction, and characterization of similar force-sensing DNA 

complexes which we conjugate to a hydrophilic polymer network. These efforts culminate in the synthesis 

of a proof-of-concept, programmable MCR material capable of interfacing with biological systems via the 

production of initiating biomolecular reactions in response to external mechanical forces. 

5.2 RESULTS & DISCUSSION 

5.2.1 Theory: Arruda-Boyce model 

In order to rationally design a force sensing gel equipped with a mechanophore, the relationship 

between stress and strain of the bulk material and the forces experienced by the polymer network must be 

determined. Here, an Arruda-Boyce based-model was used to derive the forces felt by the polymer network 

as a function of the stretch of the bulk material. To start, the overall free energy of the hydrogel, 𝑊, is 

assumed to be the sum of two components: the stretching of the polymer network and the thermodynamic 

mixing of the polymer network and solvent molecules,93 

 𝑊 = 𝑊𝑠𝑡𝑟𝑒𝑡𝑐ℎ +𝑊𝑚𝑖𝑥𝑖𝑛𝑔 (5.1) 

where 𝑊𝑠𝑡𝑟𝑒𝑡𝑐ℎ  and 𝑊𝑚𝑖𝑥𝑖𝑛𝑔  are the contributions from stretching and mixing, respectively. We 

assume that all molecular components of our system are incompressible and therefore can undergo 
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configurational changes without a change in volume (i.e., can change their shape much easier than they 

change their volume). This principle is expressed as  

 𝐽 = 1 + 𝜈𝐶 = det(𝑭) (5.2) 

where 𝜈 is the volume of the solvent molecules, 𝐶 is the number of solvent molecules per polymer 

volume, 𝑭  is the deformation tensor, and 𝐽  is the Jacobian. The determinant of the deformation tensor 

represents the overall volume change of the gel. Molecular incompressibility can be enforced by constraining 

the system via a Lagrange multiplier, 𝜋, thus giving the total free energy expression of a hydrogel:  

 𝑊 = 𝑊𝑠𝑡𝑟𝑒𝑡𝑐ℎ +𝑊𝑚𝑖𝑥𝑖𝑛𝑔 − 𝜋[1 + 𝜈𝐶 − det(𝑭)] (5.3) 

The free energy of mixing the long polymer chains and solvent molecules can be expressed using 

Flory-Huggins theory84 as,  

 
𝑊𝑚𝑖𝑥𝑖𝑛𝑔 =

𝑘𝑇

𝜈
[𝜈𝐶 log (

𝜈𝐶

1 + 𝜈𝐶
) + 𝜒

𝜈𝐶

1 + 𝜈𝐶
] (5.4) 

where 𝑘  is the Boltzmann constant and 𝜒  is the dimensionless Flory-Huggins parameter that 

describes the propensity of the polymer strands and solvent molecules to mix. If 𝜒<0, then mixing of the 

polymer strands and solvent molecules becomes favorable, whereas if 𝜒>0, then mixing is unfavorable. 

In Chapter 3 the free energy component due to stretching of the polymer chains was expressed using 

Neo-Hookean theory via the Ogden model.97 Since we would like to relate the macroscopic stretch of our 

hydrogel to the stretch of individual polymer chains at high strains, the Arruda-Boyce model121 was used to 

express 𝑊𝑠𝑡𝑟𝑒𝑡𝑐ℎ as, 

 
𝑊𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 𝑁𝑘𝑇𝑛 (

𝛽

tanh𝛽
+ ln

𝛽

sinh 𝛽
) (5.5) 

where 𝑁  is the number of polymer chains per polymer gel volume, 𝑛  is the number of Kuhn 

segments per polymer chain between two crosslinkers, and 𝑇 is the absolute temperature in Kelvin. Here 𝛽 

is defined as  

 
𝛽 = 𝐿−1 (

𝜆𝑐ℎ𝑎𝑖𝑛

√𝑛
) (5.6) 

where 𝐿−1 is the inverse Langevin function, which is defined as 𝐿(𝑥) = coth(𝑥) − 1 𝑥⁄ , and can be 

approximated as  
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𝐿−1(𝑥) ≈ 𝑥

3 − 2.6𝑥 + 0.7𝑥2

(1 − 𝑥)(1 + 0.1𝑥)
 (5.7) 

Lastly, the stretch of the individual polymer chains, 𝜆𝑐ℎ𝑎𝑖𝑛, is given by  

 
𝜆𝑐ℎ𝑎𝑖𝑛 = √

𝜆1
2 + 𝜆2

2 + 𝜆3
2

3
 (5.8) 

where 𝜆1 , 𝜆2 , and 𝜆3  are the macroscopic stretches in the three directions. At equilibrium the 

Helmholtz free energy reduces to zero, giving the expression  

 
𝑑𝑊 − 𝑆1𝑑𝜆1 − 𝑆2𝑑𝜆2 − 𝑆3𝑑𝜆3 − 𝜇𝑑𝐶 = 0,           where 𝜇 =

𝑑𝑊

𝑑𝐶
 (5.9) 

where 𝑆1 , 𝑆2 , and 𝑆3  are the three principle nominal stresses and 𝜇  is the chemical potential. 

Inserting the derivative of Eqn. 5.3 into Eqn 5.9, and noting the expression for 𝜇 above, yields the following 

equations of state for a hydrogel:  

 
𝑆1 =

𝑁𝑘𝑇√𝑛𝛽

3𝜆𝑐ℎ𝑎𝑖𝑛
𝜆1 + 𝜋𝜆2𝜆3 

𝑆2 =
𝑁𝑘𝑇√𝑛𝛽

3𝜆𝑐ℎ𝑎𝑖𝑛
𝜆2 + 𝜋𝜆1𝜆3 

𝑆3 =
𝑁𝑘𝑇√𝑛𝛽

3𝜆𝑐ℎ𝑎𝑖𝑛
𝜆3 + 𝜋𝜆1𝜆2 

𝜇 = 𝑘𝑇 [log (
𝜈𝐶

1 + 𝜈𝐶
) +

𝜈𝐶

1 + 𝜈𝐶
+

𝜒

(1 + 𝜈𝐶)2
] − 𝜋𝜈 

(5.10) 

Since no external forces are applied to our hydrogels in the 𝒆𝟐 or 𝒆𝟑 directions, 𝑆2 and 𝑆3 equal 

zero. It should be noted that 𝜆2 and 𝜆3 do not equal zero due material incompressibility and the assumed 

Poisson effect. 

To calculate the force experience by a polymer chain upon deformation we start with an expression 

for the energy stored in a polymer chain. According to Langevin chain statistics122 this can be expressed as 

follows:  

 
𝑤 =

𝑊

𝑁
= 𝑘𝑇𝑛 (

𝛽

tanh𝛽
+ ln

𝛽

sinh 𝛽
) 

𝛽 = 𝐿−1 (
𝑟

𝑛𝑙
) = 𝐿−1 (

𝜆𝑐ℎ𝑎𝑖𝑛

√𝑛
) 

(5.11) 
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where 𝑟 is the end-to-end distance of one polymer chain between two crosslinkers and 𝑙 is the length 

of one Kuhn monomer. The force experienced by a polymer chain in a hydrogel can then be calculated as,  

 
𝑓 =

𝜕𝑤

𝜕𝑟
=
𝑘𝑇

𝑙
𝐿−1 (

𝜆𝑐ℎ𝑎𝑖𝑛

√𝑛
) (5.12) 

5.2.2 Theory: DNA-based shear force sensors 

A thorough understanding of how DNA nanostructures respond to varying external forces – e.g., 

shearing, unzipping, twisting, bending etc. – can not only further elucidate phenomena such as DNA 

replication and transcription but inform the discovery of nanostructures with novel functions. This 

understanding is crucial for the development of DNA force sensor nanostructures that rupture and execute a 

programmed series of chemical reactions upon the application of an external load. Due to the secondary 

structures of the force sensors we developed, we focus on the shearing behavior of DNA duplexes and the 

unzipping behavior of DNA hairpin structures. 

In 2001 Pierre deGennes proposed that the force required to shear a DNA duplex does not 

indefinitely scale with duplex length, as had been previously thought, but approaches a maximum value as 

the duplex length increases.123 Furthermore, he predicted that stress experienced by the DNA duplex is not 

evenly distributed to all the bases, but rather is felt by only a few bases located at the ends of the duplex 

(Figure 5.2). These bases, which are in mechanical equilibrium, are represented by the parameter 𝑋−1in the 

deGennes model. This result implies a certain elasticity to the phosphodiester backbone since if it was 

infinitely stiff, any applied force would be felt evenly across the duplex. According to deGennes’s theory the 

critical force, 𝑓𝑐, necessary to shear a duplex of length 𝐿𝑏𝑜𝑢𝑛𝑑  is given by the expression, 

Figure 5.2 deGennes model of shearing DNA duplex. A force (here represented by 𝐹) applied to a DNA duplex of 
length 𝐿𝑏𝑜𝑢𝑛𝑑 will be felt by 𝑋−1 basepairs from the ends. 
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𝑓𝑐 = 2𝑓1 [𝑋

−1 tanh−1 (
𝑋𝐿𝑏𝑜𝑢𝑛𝑑
2

) + 1] 

 

(5.13) 

where 𝑓1 is the force necessary to rupture a single basepair and 𝐿𝑏𝑜𝑢𝑛𝑑 = 𝐿𝑠𝑒𝑞 − 𝐿𝑜𝑝𝑒𝑛, with the 

total number of bases in the DNA sequence given by 𝐿𝑠𝑒𝑞, and the number of bases not bound in duplex form 

given by 𝐿𝑜𝑝𝑒𝑛. It is assumed that at the initial application of external force 𝐿𝑜𝑝𝑒𝑛 is zero. The parameter 𝑋−1 

is defined as, 

 
𝑋−1 = √

𝑄

2𝑅
 (5.14) 

with 𝑄 defined as the spring constant of stretching the DNA backbone and 𝑅 the spring constant of 

stretching the hydrogen bonds between the base pairs. In the case of an infinitely long DNA duplex, 

tanh(𝑋𝐿𝑏𝑜𝑢𝑛𝑑 2⁄ ) → 1, and the critical force required to shear a DNA duplex reaches a maximum, 𝑓𝑚, given 

by, 

 𝑓𝑚 = 2𝑓1[𝑋
−1 + 1] (5.15) 

From single-molecule pulling experiments, Hatch et al. estimated that 𝑓1 to be 3.9 pN, 𝑋−1 to be 

6.8 basepairs, and the ratio 𝑄 𝑅⁄  to be 92.5.124 They also demonstrated an approximately linear increase in 𝑓𝑐 

from basepair lengths of 12 through 24, at which point 𝑓𝑐 approaches an asymptotic limit of roughly 61.4 pN. 

5.2.3 Theory: DNA-based hairpin unzipping force sensors 

The prevalence of DNA hairpin structures in physiologically-relevant biochemical pathways has 

made their structure and function very rich areas of research. Single-molecule techniques have made possible 

thermodynamic and kinetic descriptions of hairpin opening and closing transformations in the presence of 

external forces. To describe the behavior of our hairpin-based DNA sensor, we employ a model detailed by 

Woodside et al.125 which combines the energy from DNA folding – i.e., the energy of duplex formation 

calculated via nearest-neighbor parameters29 – and the energy from mechanical stretching of single-stranded 

DNA (ssDNA). The overall free-energy of a DNA hairpin under extension,  ∆𝐺,  is thus given by the 

expression, 

 ∆𝐺(𝑓, 𝑥) =  ∆𝐺𝑓𝑜𝑙𝑑(𝑥) + ∆𝐺𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝑥) + 𝑓 ⋅ 𝑥 (5.16) 
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where 𝑓 is the externally exerted force on the hairpin, ∆𝐺𝑓𝑜𝑙𝑑 is the free energy of duplex formation 

from hairpin folding, ∆𝐺𝑠𝑡𝑟𝑒𝑡𝑐ℎ is the free energy of stretching ssDNA from 𝑓 = 0 to 𝑓 = 𝑓1
2
, which is the 

force at which 50% of DNA hairpins unfold. In essence, ∆𝐺𝑓𝑜𝑙𝑑 represents the energy of hairpin folding at 

𝑓 = 0 and can be found by using any software suite that calculates the free energy of formation of DNA 

structures at equilibrium, e.g., NUPACK, IDT OligoAnalyzer 3.1, etc. The free energy from stretching, 

∆𝐺𝑠𝑡𝑟𝑒𝑡𝑐ℎ, can be calculated using the worm-like chain model: 

 
∆𝐺𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝑥) =

𝑘𝐵𝑇

𝐿𝑝

𝐿0

4(1 −
𝑥
 𝐿0
)
[3 (

𝑥

 𝐿0
)
2

− 2(
𝑥

 𝐿0
)
3

] (5.17) 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝐿𝑝 is the persistence length of ssDNA 

(~1.3 nm), 𝐿0 is the contour length per nucleotide (~0.63 nm), and 𝑥 represents the hairpin extension from 

equilibrium calculated as 0.44 × (𝑛 − 1)  nm, where 𝑛  represents the number of bases comprising the 

hairpin. When 𝑓 = 𝑓1
2
, the overall free energy ∆𝐺(𝑓, 𝑥)  equals zero and Eqn 5.16 can be rearranged as 

follows: 

 
𝑓1
2
=  
∆𝐺𝑓𝑜𝑙𝑑(𝑥) + ∆𝐺𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝑥)

∆𝑥
 (5.18) 

where ∆𝑥 represents the hairpin displacement needed for unfolding and is estimated to be (𝑥 − 2) 

nm. Note that 2 nm is subtracted from 𝑥 since this represents the width of a DNA duplex. 

5.2.4 Experimental determination of model parameters 

Initially, two materials were considered for use as the polymeric backbone of the force sensor 

material: poly(ethylene glycol) diacrylate (PEGDA, Mn ~ 575) and poly(Am-co-BIS). To determine which 

of the two would allow for higher forces to be exerted on the polymeric backbone, and concomitantly the 

DNA force sensor complex, swelling and unconfined uniaxial compression experiments were performed to 

determine the values of 𝑁  and 𝑛  in the equations of state (Eqn 5.10). PEGDA and poly(Am-co-BIS) 

hydrogels were prepared according to the protocol given in § 3.4 and Figure S3.15, with PEGDA at a 

concentration of 10 % (wt/vol). In addition, one PEGDA gel was prepared and swelled in a sodium-based 

buffer (SPSC) since DNA duplexes are known to be less stable – and thus more apt to rupture – in the 

presence of monovalent cations.126 On the other hand, divalent cations such as Mg2+ are known to stabilize 

DNA duplexes to much larger extents, increasing the force required to shear or unzip a DNA duplex. From 
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the fitted 𝑁 and 𝑛 parameters (see Figure 5.3) it was derived that PEGDA-based gels could achieve chain 

forces in the range of 50-100 pN, whereas poly(Am-co-BIS)-based gels only reached values in the range 10-

45 pN (data not shown). Therefore, PEGDA hydrogels prepared in sodium-based buffer were used to 

construct the force-sensing material.  

5.2.5 Structure and qPCR testing of DNA force sensor complexes 

 As discussed in § 5.2.2 and § 5.2.3, depending on their secondary structure, DNA complexes can 

denature in response to a range of external forces. Since we desired to construct force sensor materials capable 

of responding to both large and small forces alike, two different DNA force sensor complexes were designed 

such that they would rupture in different force ranges. One of the complexes, a 24 basepair duplex herein 

referred to as the shear force sensor (SFS) (Figure 5.4), was designed to shear upon the application of roughly 

60 pN to the polymer network (calculated using Eqn. 5.13). The other complex, herein referred to as the 

hairpin force sensor (HFS) (Figure 5.5), was comprised of a hairpin domain – comprised of a 13 basepair 

stem and 4 basepair loop – adjacent to a 21 basepair duplex. Due to the smaller forces necessary to unzip a 

hairpin stem compared to those needed to shear a DNA duplex, the HFS was estimated to rupture at forces 

Figure 5.3 Determining model parameters and the resulting chain force for a 10% PEGDA gel in SPSC buffer. 
(A) 10% PEGDA hydrogels were swelled in sodium-based buffer and subjected to a controlled force, unconfined uniaxial 
compression test to produce nominal stress 𝑆1  as a function of stretch 𝜆1 . The equilibrium swelling ratio 𝑄  was 
determined to be approximatley 6.2. The resulting data was then fit to the equations of state given in Eqn. 5.10, and the 
parameters 𝑛 and 𝑁 were determined to be 3.39x1024 and 10.28, respectively. (B) The values of 𝑛 and 𝑁 were then used 
to calculate the force 𝑓 experienced by the polymer chains as a function of 𝜆1 according to Eqn 5.12. 
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in the range of 13-20 pN. Both the HFS and SFS contain toehold domains that are sequestered when the force 

sensor is in its native inactive state but, upon rupturing, become exposed and able to participate in  

Figure 5.4 Schematic of SFS. Each strand of the shear force sensor (SFS) complex is modified with acrydite at the 5’ 
end. The complex is incorporated into the PEGDA polymer network (represented by thin black lines) via radical chain 
polymerization. Colors indicate domain type and its complement. The toehold domain (magenta) is denoted by the letter 
t. Upon the application of roughly 57 pN of force, the DNA duplex ruptures, exposing a toehold domain which is able to 
react with the reporter complex and generate a fluorescence output. 

Figure 5.5 Schematic of hairpin force sensor. Depending on the free energy of formation of the hairpin complex, the 
hairpin force sensor (HFS) will rupture when subject to forces in the range of 12-20 pN. Colors indicate domain type and 
its complement. The toehold domain (magenta) is denoted by the letter t. 
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downstream DNA-based reactions. For the studies conducted here, the toehold domains were designed to 

react with reporter complexes and produce a fluorescence output.  

 It is well-established that fluorophores bleach upon extensive exposure to light at wavelengths 

within their excitation range. To mitigate the reduction of outuput signal from photobleaching, we performed 

a quick experiment to determine the optimal fluorophore to use in our reporter complex. The fluorophore 

choices were initially narrowed to two: a fluorescein derivative termed FAM, and Texas Red®. To test which 

fluorophore experiences less bleaching, 10 % (wt./vol.) PEGDA gels were fabricated, swelled to equilibrium 

in SPSC buffer, and then allowed to soak in 100 nM solutions of ssDNA containing either a FAM fluorophore 

modification, or a Texas Red® fluorophore modification. The gels were then continuously exposed to light 

in their respective excitation ranges for approximately one hour, with fluorescence micrographs captured 

every minute. A plot of the normalized fluorescence intensity of each gel (three samples for each fluorophore) 

over time clearly indicates that the Texas Red fluorophore photobleaches to a lesser extent and with slower 

kinetics (Figure 5.6). 

Unwanted leak reactions are always a concern in DNA-based schemes.108 In the context of the force 

sensing schemes outlined in Figs 5.5 and 5.6, the presence of leak reactions would produce a false signal. 

Figure 5.6 Photobleaching extent of PEGDA gels equilibrated in solutions of ssDNA modified with FAM and Texas 
Red® fluorophore. Normalized count values for gels equilibrated in either a solution of FAM-modified ssDNA (n=3) 
or Texas Red® modified DNA (n=3). Texas Red® photobleaches to a lesser extent and with slower kinetics.  
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Therefore, the propensity of each force sensor complex in its native, inactive state to react with its respective 

reporter complex was tested in well-mixed solution using quantitative PCR techniques (see § 5.4.4 for 

experimental details). The HFS complex was slightly leaky relative to the approximately fully-activated 

reporter complex (~5 %), whereas the SFS complex exhibited approximately no leak (Figure 5.7). The failure 

of the fluorescence profile in either Fig. 5.7A or B to reach an equilibrium value makes a precise 

determination of force sensor leak impossible. This will need to be rectified in future experiments. 

5.2.5 Compression of gels with various force sensor designs 

Upon verifying the integrity of the force sensor complexes via qPCR, macroscale cylinder-shaped 

poly(PEGDA-co-SFS) and poly(PEGDA-co-HFS) hydrogels (~ 3 mm height, 4 mm diameter) were prepared 

according to the protocol detailed in § 5.4.2. After one sample of each was successfully fabricated via 

standard photopolymerization and micromolding techniques – akin to those used in Chapter 3 – the gels were 

immersed in a 500 nM solution of their respective reporter complex and allowed to equilibrate over at least 

48 hours. To investigate the fluorescence dynamics of the material subject to an external load, a 

multifunctional force microscope (MFM)127 was used to uniaxially compress the gels in the z-direction while 

simultaneously capturing fluorescence micrographs of the samples from below. In short, the MFM instrument 

is an epifluorescence (i.e., inverted) microscope equipped with a cantilever on a z-translation stage. As the 

height of the z-translation stage decreases, the cantilever lens comes into contact with the sample, which then 

Figure 5.7 Force sensor leak quantitated with qPCR. In each case the force sensor was added after an initial baseline 
fluorescence was achieved with a solution of SPSC buffer and reporter complex. (A) Fluorescence profile of a well-
mixed solution of the SFS and its reporter complex. No leak (i.e., premature activation) of the force sensor is apparent. 
(B) Fluorescence profile of a well-mixed solution of the HFS and its reporter complex. A slight leak (~5 %) is apparent 
with the HFS. 
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experiences a load. As the z-translation stage continues to descend the cantilever is deflected vertically 

(Figure 5.8A), the extent of which is measured by the fiber optic probe and mirror on top of the cantilever. 

The stiffness of the cantilever, represented by the spring constant by 𝑘𝑠, has previously been determined by 

Roberts et al.127 The load applied to the sample can be calculated simply by using Hooke’s law (see § 5.4.3). 

For the poly(PEGDA-co-SFS) sensor gel, a maximum load of 1 N and stretch value of 0.5 was attained upon 

unconfined compression of the sample (Figure 5.8B and C). The force sensing gel appeared to increase in 

fluorescence as stretch values of 0.6 and below were obtained (Figure 5.8D), indicating activation of the 

DNA mechanophore. This response qualitatively coincides with the polymer network forces necessary to 

shear the SFS duplex (Figure 5.3). On the other hand, the fluorescence intensity of the poly(PEGDA-co-

HFS) force sensing gel appeared to decrease upon uniaxial compression (Figure 5.9). Since the HFS 

mechanophore is predicted to activate under loads of roughly 12-18 pN – approximately a third of those 

required for the SFS –a positive fluorescence output was expected from the poly(PEGDA-co-HFS) sample. 

Figure 5.8 MFM profile of poly(PEGDA-co-SFS) force sensing gel. (A) The deflection of the MFM cantilever during 
uniaxial compression of the sample is represented by the decrease in distance between the z-fiber optic cable and the 
mirror placed on top of the cantilever (blue plot). The z-microtranslation stage decends onto the sample at a constant 
strain rate of 0.2% of the sample height. (B) The static force applied to the SFS gel is calculated via Hooke’s law (𝑘𝑠 =
4602 N/m, see § 5.4.3). (C) Uniaxial stretch 𝜆1 and nominal stress 𝑆1 of the gel during loading are calculated using the 
equilibrium swelling ratio 𝑄  of a 10% PEGDA hydrogels in sodium-based buffer. The reference state for these 
calculations is the dry, undeformed state of the PEGDA polymer network. (D) Fluorescence micrographs of the 
poly(PEGDA-co-SFS) gel during uniaxial compression. The images were linearly scaled to the maximum and minimum 
pixel intensity values of the entire set of images obtained during the run. The scale bar is 250 𝜇m. 
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Our contrary findings could be the result of the lower mechanical load experienced by the HFS gel relative 

to the SFS gel (Figure 5.9B), or – more likely – the activation of the HFS mechanophore from the swelling 

of the gel to equilibrium in SPSC buffer prior to compression (see Figure 5.3). Further experimentation is 

needed to confirm the activation of the poly(PEGDA-co-SFS) gel as well as the absence of fluorescence 

output with respect to the poly(PEGDA-co-HFS) gel. 

 

Figure 5.9. MFM profile of the poly(PEGDA-co-HFS) force sensing gel. (A) The z-microtranslation stage decends 
onto the sample at a constant strain rate of 0.2% of the sample height. (B) The static force applied to the SFS gel is 
calculated via Hooke’s law (𝑘𝑠 = 4602 N/m, see § 5.4.3). (C) Uniaxial stretch 𝜆1 and nominal stress 𝑆1 of the gel during 
loading are calculated using the equilibrium swelling ratio 𝑄 of a 10% PEGDA hydrogels in sodium-based buffer. The 
reference state for these calculations is the dry, undeformed state of the PEGDA polymer network. (D) Fluorescence 
micrographs of the poly(PEGDA-co-SFS) gel during uniaxial compression. The images were linearly scaled to the 
maximum and minimum pixel intensity values of the entire set of images obtained during the run. The scale bar is 250 
𝜇m. 
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5.3 CONCLUSION 

DNA is an ideal biomolecular mechanophore due to the detailed understanding of its single-

molecule mechanics as well as its established record as an engineering material. As exemplified by our design 

of simple duplex and hairpin-based force sensor complexes, the large space of possible secondary structures 

enables the construction of force sensors tuned to different force. While further experimentation is needed to 

fully characterize and quantify the response of DNA copolymer MCR gels, the results presented herein 

suggest the possibility of a new class of materials capable of autonomously and programmably interacting 

with biological systems.  

5.4 MATERIALS & METHODS 

5.4.1 DNA sequences and preparation of DNA stock solutions 

All oligonucleotide sequences are listed in Table 5.1 and were supplied by Integrated DNA 

Technologies (IDT) in their lyophilized form. The reporter strands containing a Texas Red®-X NHS Ester 

modification were ordered HPLC-purified. All other strands were purified via a standard desalting protocol. 

Stock solutions were prepared by resuspending the lyophilized samples with MilliQ water up to the desired 

concentration, which was verified by absorbance spectroscopy at 260 nm. Stock solutions of force sensor 

complex were prepared by annealing 50 𝜇M of each force sensor DNA strands in SPSC (1 M NaCl, 50 mM 

Na2HPO4, pH ~ 7.5) buffer using an Eppendorf Mastercycler PCR; the annealing protocol consisted of 

incubating the solution at 90 °C for five minutes, followed by cooling the solution from 90 °C to 20 °C at 1 

°C per minute to allow the strands to hybridize. SPSC buffer was used in lieu of Mg2+-based buffers since 

DNA duplexes are more stable – i.e., have a lower ∆𝐺𝑓𝑜𝑙𝑑 – when formed in the presence of divalent cations. 

To make the DNA force sensor complexes less stable, and more apt to rupture under a given load from the 

polymer backbone, sodium was chosen as the cation that would stabilize our DNA complexes. 
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Table 5.1 Sequences for the SFS, HFS, and their respective reporter complexes.
Strand Name Sequence (5’ to 3’) 

SFS_1 /5ACryd/CGCATCTCACATAACAACCACAGC 

SFS_2 /5ACryd/GCTGTGGTTGTTATGTGAGATGCG 

SFS_Rep_F /5TexRd-XN/TGTGGTTGTTATGTGAGATG 

SFS_Rep_Q CACATAACAACCACA/3IAbRQSp/ 

HFS_1 /5Acryd/TAGACAGGAAAAGAAGAATCTTTTCCTGTCTGCCT
ACCACTCCGTTGCGAAT 

HFS_2 /5Acryd/ATTCGCAACGGAGTGGTAGGCTTT 

HFS_Rep_F TTTTCTTCTTTTCCTGTC/3TxRed-XN/ 

HFS_Rep_Q /5IAbRQ/GACAGGAAAAGA 

 

5.4.2 Synthesis of a PEGDA and DNA force sensor hydrogels 

All force sensor hydrogels were prepared via the micromolding and photopolymerization protocol 

detailed in, § 3.4, Figure S3.3, and Figure S3.15. In lieu of cubes, cylinder magnets approximately 3 mm x 4 

mm (height x diameter) were used. The final concentrations of all pregel componenets are as follows: 10% 

(wt./v) PEGDA (Mn 575, Sigma catalog #437441), SPSC buffer, 1 𝜇M of DNA force sensor complex, and 

1% (v/v) of a 50% (v/v) mixture of Irgacure 2100 and 1-butanol. After aliquoting the mixture into the 

cylindrical molds, the pregel solution was polymerized via exposure to 365 nm UV light for roughly 30 

minutes. The UV light intensity was approximately 4 mW/cm2. The gels were then gently excised from the 

molds and placed in SPSC buffer for at least 24 hours to swell to equilibrium. 

5.4.3 Determining hydrogel equilibrium swelling ratios 

The equilibrium swelling ratio of PEGDA and poly(Am-co-BIS) hydrogels was obtained 

gravimetrically by measuring the weight of swollen and dehydrated gel samples. PEGDA hydrogels 

hydrogels were fabricated according to the protocol detailed in § 5.4.2. The 5% Am:BIS (19:1) hydrogel was 

prepared according to the protocol described in § 3.4 and Figure S3.15. After fabrication, the gels were 

swelled to equilibrium in either 1x TAE/Mg2+ or 1x SPSC and then weighed. The gels were then completely 

dried by incubating in an oven at approximately 80 ℃ for at least 48 hours or until a stable weight was 

achieved. The equilibrium swelling ratio, 𝑄, was obtained via the following well known relation:  
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𝑄 =  1 + (𝑞 − 1)

𝑑𝑝
𝑑𝑤

 (5.17) 

where 𝑞 is the ratio of the swollen hydrogel mass to the mass of the completely dehydrated gel, 𝑑𝑝 

is the density of the polymer (here assumed to be 1.12 g/mL for PEGDA and 1.35 g/mL for polyacrylamide), 

and 𝑑𝑤 is the density of water (assume to be approximately the density of 1x SPSC).  

5.4.2 Compression of force sensor gels using MFM microscope 

PEGDA hydrogels were prepared as detailed in § 5.4.1 and allowed to swell to equilibrium. Once 

at equilibrium, the gels were submerged in approximately 200 𝜇L of reporter complex. The reporter complex 

concentration was allowed to equilibrate throughout the gel over the course of roughly two days. Next, the 

height and diameter gels were recorded, and the gel was placed onto a multifunctional force microscope 

(MFM) developed by Roberts et al. The cantilever probe was lowered such that the probe surface was in 

contact with the gel sample. A normal force was then applied to the gel by lowering the cantilever (via the z-

micro-translation stage) at a rate of either .2% or .1% of the total sample height per second. Throughout the 

deformation, the gel was imaged using a Chroma Red#1 FISH filter set (catalog #49306) and a Grasshopper3 

U3 camera (type GS3-U3-23S6). For most MFM experiments, the gel sample was compressed until it 

fractured. 

5.4.3 Analysis of MFM data 

At the end of each run, the MFM outputs the position of the z-micro-translation stage, 𝑧𝑚𝑖𝑐𝑟𝑜, and 

z-fiber optic distance, 𝑧𝐹𝑂, over time. It also lists the fluorescence images taken by the Grasshopper3 that 

correspond to those data points. Given a spring constant of 𝑘𝑠, the normal force applied to the gel, 𝐹1, was 

calculated using Hooke’s law as follows: 

 𝐹1 = 𝑘𝑠(∆𝑧𝐹𝑂) (5.17) 

where ∆𝑧𝐹𝑂  represents the total amount of deflection of the cantilever. Additionally, the total 

amount of indentation, ∆ℎ, of a hydrogel originally of height ℎ0 in the fully hydrated state can be expressed 

as, 

 ∆ℎ =  ∆𝑧𝑚𝑖𝑐𝑟𝑜 − ∆𝑧𝐹𝑂 (5.17) 

from which the height of the sample during deformation, ℎ, can be easily found. The stretch value 

𝜆1can therefore be derived using the swelling ratio as follows: 
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𝜆1 = 

ℎ

ℎ𝑑
=
ℎ√𝑄
3

ℎ0
,         where  √𝑄

3 =
ℎ0
ℎ𝑑

 (5.17) 

with the reference state being the dehydrated sample and ℎ𝑑  representing the theoretical height of a 

fully dehydrated cylindrical gel sample. Note that at 𝜆1 = 1 the height of the sample is the same as this 

theoretical height. Finally, the normal nominal stress 𝑆1can be calculated as follows:  

𝑆1 = 
𝐹1
𝐴
=

𝐹1
1
4𝜋𝑑𝑑

2
=
4𝐹1𝑄

2 3⁄

𝜋𝑑0
2 ,         where  √𝑄

3 =
𝑑0
𝑑𝑑

 

with √𝑄3  now expressed in terms of the sample diameter in the fully swollen, 𝑑0, and dehydrated 

states, 𝑑𝑑.  

5.4.4 qPCR testing of force sensor leak 

To test whether the force sensor complexes were prone to give a false-positive signal, i.e., signal in 

the absence of any applied force, the fluorescence of a well-mixed solution of force sensor and reporter 

complex was monitored over several days using quantitative PCR (qPCR) machines (Agilent Stratagene 

Mx3000 and Mx3005 series). In a typical experiment, 75 nM reporter complex, 1x SPSC buffer, and MilliQ 

water were added to multiple wells in a 96-well plate. The resulting solution was mixed via pipet and the 

fluorescence was monitored (for roughly one hour) until a stable baseline count value was achieved. Next, 

300 nM of the force sensor complex (SFS or HFS) was added to the wells and mixed via pipette. The 

fluorescence was then monitored for roughly two days, at which point an activator strand for the reporter was 

added to the mixture. This activator strand was added at roughly 1.5x the reporter complex concentration. 
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CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS 
 

Overall, the work presented in this thesis attempts to develop soft programmable matter potentially 

capable of complex, autonomous routines not seen in current soft robotic devices. We approach this task 

using the insights of DNA nanotechnology to confer on bulk materials an initial, primitive version of the 

programmable behavior that may, someday, be achieved. To bring this goal a little closer to fruition, there’s 

an abundance of research on the DNA-acrylamide copolymer materials and swelling mechanism presented 

in Chapter 3 that has yet to be done. First and foremost, the incorporation of reaction-diffusion dynamics 

into the constitutive model would greatly increase the accuracy of finite-element simulations and lead to 

better predictions of the end, deformed states that any device comprised of these materials can achieve. In 

addition, the change in material properties (i.e., elastic modulus, internal stress, etc.) that accompany the 

hairpin polymerization reaction should also be thoroughly investigated. The current constitutive model does 

not take into account the drastic change in these properties as the hydrogel swells via hairpin incorporation. 

For example, the current model assumes that the polymer network volume fraction (and concurrent mass 

fraction) remains constant over time, but simple back-of-the-envelope calculations show that this is not the 

case. For a gel swollen in a solution containing 2% terminator hairpins, assuming roughly 50 hairpins get 

incorporated at each DNA crosslinker site, the mass percent of the DNA in the materials goes from roughly 

10% before swelling to approximately 90% after swelling. At the molecular scale, additional work should be 

performed to reverse the autonomous polymerization mechanism that drives gel swelling. Devising a DNA-

based reaction scheme whereby the DNA crosslinks contract and expand dynamically, and with a large length 

range, would greatly enhance the applicability of these materials. Lastly, altering the hairpin polymerization 

reaction scheme or polymer network architecture to increase the actuation speed would also enhance the 

performance of these DNA-programmable soft matter devices. 

Even though ample work could be done to more precisely characterize the polymer science behind 

the materials presented in Chapter 3, there already exists numerous applications of these materials in the 

biomedical space. For example, in the New England Journal of Medicine Arianna Menciassi posited the use 

of these materials to treat saccular cerebral aneurysms.128 In this context the DNA-crosslinked gel would be 

deposited into the aneurysm and then expanded via the addition of DNA hairpins. The shape-changing 

properties of these hydrogels would make them better suited force these tasks then the currently-used wire 
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coils. Lastly, these gels could also be used for targeted, chemoresponsive drug-delivery applications, albeit 

the material space for these applications is already somewhat crowded. 

While it is admittedly in its infancy, the work presented in Chapter 5 requires a significant amount 

of experimental verification before one can be confident that a DNA-programmable, force-sensing material 

has even been fabricated. More work will be required to cipher out true fluorescence signal from background 

noise due to processes that occur during deformation of the DNA-PEGDA copolymer hydrogels. It would be 

quite useful, and should be very feasible, to develop a DNA-based reaction protocol that can confirm, post-

compression, that the fluorescence signal observed originates from the ruptured DNA mechanophores and 

their reaction with the reporter complex. 
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