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ABSTRACT 

 

Engineering Extracellular Strategies for Precise Control of Cellular Cues 

 

by 

 

Erik Todd Hopkins 

 

 

Cells are products of their environment; thus they are tasked with continuously sensing 

and interpreting the myriad of signals around them to make decisions that shape their fate. A 

central principle in research and therapeutic development is precisely controlling and 

administering such signals, while also maintaining this unique environment, to study cellular 

responses or achieve desired cell fates. Traditionally these cues have been studied in a 

unidimensional fashion,  which fails to capture the inherent spatiotemporal complexity that 

carries additional layers of relevant cellular information. Current approaches for enabling 

dynamic control over cellular systems often rely on genetic perturbations or creating complex 

synthetic scaffolds to support cell growth, which ultimately limit their widespread application. 

Here we utilize a number of bio-orthogonal chemistries and rational protein design to shape 

the extracellular environment in ways that relay controllable and biologically-relevant signals 

while simultaneously preserving the natural complexity experienced by cells in vivo. This 

work highlights a cornerstone in molecular tool development by placing an emphasis on 

strategies that function without the need for prior cellular modifications by working entirely 



 

 x 

in the extracellular environment. We hope that the ability to control dynamic processes in 

unmodified cell types, coupled with their approachable nature, will promote the widespread 

adaptation of these technologies and offer promising routes for advancing therapeutic 

development.     
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CHAPTER 1: Introduction 

 Elements of the surrounding cellular environment provide a constant stream of 

information that instructs cells of their future decisions and fate. Thus, cells are tasked with 

continuously integrating and appropriately responding to these ever-changing signals to 

maintain homeostasis, undergo differentiation, or take actions like migration or division. We 

can consider cells products of their environments, or more specifically products of the 

biochemical and mechanical signals that make up their extracellular environment. Therefore, 

specific cellular fates can be achieved by manipulating extracellular cues.  

In developing and fully developed organisms these signals take the form of soluble ligands that 

engage receptors on the cell surface or structural protein matrices that transmit mechanical 

information. Moreover, the dynamic and spatially-constrained nature of these signals carries 

additional layers of cell-relevant information. For example, gradients of the Wnt morphogen 

orchestrate body axis patterning across metazoan lineages1 and instruct the differentiation of 

intestinal stem cells as they migrate out of intestinal crypts2. Likewise, dynamic stiffening of 

the extracellular matrix (ECM) promotes a malignant transformation of epithelial cells3 while 

ECM remodeling is thought to regulate embryogenesis in a stiffness-based fashion4.  

 Understanding how such signals shape cellular outcomes requires methods that enable 

precise control over the signal of interest. Historically, these signals have been studied in a 

unidimensional fashion, thus not fully recapitulating their natural complexity. Molecular 

engineering has spurred the development of a growing number of genetic, chemical, and 

material approaches to precisely administer various biochemical and mechanical signals to 

cells and tissues.  



 

 2 

 

Figure 1.1 a) Cells integrate numerous biochemical and mechanical signals to inform 

future decisions. b) Schematic depicting intracellular vs. extracellular control of cellular 

inputs. Intracellular mechanisms of control often bypass receptors and intracellular 

signaling proteins. Inputs controlled from the extracellular region rely on host cell 

infrastructure to relay signals. 
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Genetic-based approaches often rely on modifying intracellular signaling molecules 

such that their activity can be toggled with an orthogonal input, essentially “tricking” the cell 

into perceiving the relevant cue. Meanwhile, mechanical approaches typically utilize reactive 

handles within synthetic hydrogel networks to create environments with desired biochemical 

and material properties or static modification of natural hydrogels with crosslinking agents. 

Indeed, these technologies have been essential to uncover the role of tightly regulated 

processes in gastrulation, differentiation, and disease progression, however genetic 

modification limits clinical potential and only permits control over cells expressing the 

modification while synthetic hydrogel networks fail to recapitulate the rich biochemical 

properties of naturally-derived ECM.  

 This thesis, through three distinct projects, explores the design and engineering of 

strategies that enable precise control over biochemical and mechanical cellular signals. 

Importantly, these novel strategies work entirely in the extracellular space and utilize 

components that exist naturally in the extracellular environment. Therefore, they can trivially 

be applied to primary and genetically-unmodified cell types to achieve spatiotemporal control 

over signal input. In Chapter 2, an optogenetic-inspired approach for constructing 

mechanically dynamic collagen hydrogels is established. This light-responsive ECM 

undergoes reversible changes in material properties without the need for complex modification 

of the collagen scaffold. Chapter 3 introduces an approach that uses an ultraviolet-responsive 

molecule to photo-pattern morphogens on ECM. The devised approach takes advantage of the 

biotin-streptavidin interaction to provide modularity to the photopatterning and the 

implications of this technology are demonstrated by creating surfaces that activate the ERK 

pathway. Chapter 4 address challenges in Wnt ligand bioengineering by introducing a novel 
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Wnt ligand that can be expressed from bacteria. The new ligand is shown to be effective in 

tissue-specific stem cell differentiations and its derivates are used to explore how the ligand’s 

biophysical properties influence Wnt signaling and in the design of a light-responsive ligand.    

In summary, this dissertation delves into the development of molecular tools and 

methods that offer precise control over cellular signals, emphasizing the importance of such 

control from an extracellular perspective. The subsequent chapters detail projects that 

contribute to this overarching theme, exploring innovative approaches to manipulate 

biochemical and mechanical signals, ultimately enhancing our ability to engineer cellular 

behaviors for research and  therapeutic applications. 

 

References 
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CHAPTER 2: Mechanically Dynamic Cell Culture Substrates  

Note: Figures, methods, and text from this chapter have been previously published in 

Hopkins & Valois et al (2020). 

2.1 - Introduction 

 Conventional hydrogels are passive scaffolds of synthetic or biological polymers 

largely utilized for their ability to interface with biological surfaces.1 Their molecular 

architecture gives rise to macroscale properties, such as stiffness,2 that determine their 

biological efficacy. Recently, there has been a growing appreciation for the importance of a 

surface’s mechanical properties in steering the decision-making networks of an enormous 

range of cells and organisms.3–6 Thus, the ability to tune the macroscale properties of hydrogels 

is crucial for their application in tissue engineering, cell culture, pharmaceuticals, diagnostics, 

and implants.7  

The combined sensing of mechanical and chemical cues driving cell fate decisions 

during development and initiating cellular dysfunction in disease necessitates an extracellular 

environment that can precisely mimic the dynamic cellular boundary conditions that cells 

experience in vivo. Stimuli-responsive hydrogels made from naturally occurring ECM 

proteins, in which a user-defined input alters the chemical or mechanical functionality of the 

gel, can provide this ability in vitro. Previously, hydrogels have been engineered to stiffen, 

soften, or release embedded molecules as a result of chemically- or photo- induced 

restructuring of the polymer network.8–10 While such materials have unlocked the ability to 

acutely perturb the mechanical environment of cells, they either lack reversibility or are 

designed with synthetic polymers that form an amorphous, non-fibrillar, network. Thus, they 
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fail to recapitulate the time-varying, chemically and structurally complex nature of the 

extracellular environment (ECM) (Figure 2.1 a).11–13  

     The incorporation of photo-switchable proteins, whose binding state can be toggled 

with light, into synthetic hydrogel networks has resulted in bidirectionally dynamic 

materials.14,15 Such hydrogels can cycle between material states in a light-dependent fashion, 

transmitting mechanical inputs to embedded cells. In a seminal demonstration of hydrogel 

mechanical functionalization, Hörner et al. used a Michael-type addition to immobilize the 

phytochrome Cph1 within poly(ethylene glycol) (PEG) hydrogels. The resulting materials 

reversibly changed their material properties in response to different wavelengths of light (as 

determined by Cph1 responsiveness) and induced differential expression of 

mechanoresponsive genes in human mesenchymal stem cells.14 While such materials allow the 

study of dynamic mechanical inputs to cells, PEG is biologically inert and requires the addition 

of cell-recognition motifs to support cell growth.16 Although the chemical nature of PEG (and 

other synthetic gel-forming polymers) facilitates such modifications, a widespread movement 

toward more physiologically relevant culture platforms highlights the need for an easily-

disseminatable method to control the mechanical properties of ECM mimetic substrates. Thus, 

to retain the biochemical and mechanical complexity of natural ECM, we sought to reversibly 

control the mechanical properties of a natural ECM-forming polymer.  

Collagen Type I is a ubiquitous hydrogel-forming protein that plays a key role in 

shaping ECM mechanics and signaling in vertebrates.17 Post-translational modifications and a 

fibrillar structure give rise to intrinsic signaling capabilities essential for proper cell 

function.6,18–20 Despite its relevance, collagen’s utility is limited by its finite functionalization  

 



 

 7 chemistries and low-yield recombinant purification.21 Animal-extracted collagen is easily 

a) 

b) 

c) 

Figure 2.1. a) Graphical depiction of cells on synthetic (left) and natural (right) hydrogel network. 

Synthetic hydrogels have limited biochemical activity and rely on modifications to support cell growth. 

Naturally occurring hydrogels, like collagen, have a fibrilous structure containing several biochemically 

relevant domains that interface with cells. b) Three-piece functionalization platform consisting of a 

SNAP-tag fusion protein (Opto-SNAP), BG-Mal, and a cysteine-containing biopolymer (collagen). c) 

Activation of Optoprotein-SNAP-tag fusion proteins, when attached to polymers with BG-Mal, 

increases polymer-polymer interactions, thus stiffening the hydrogel.  



 

 8 

attainable and commonly modified with crosslinking or mineralization agents to achieve 

hydrogels of desired stiffnesses,3,22 however these mechanisms are unidirectional and tend to 

occupy cell recognition sites that diminish collagen’s intrinsic bioactivity.23  

Here we report a promising platform technology for creating reversible, stimuli-

responsive ECM for any thiol containing biopolymer. The modular design consists of three 

constituent components. i) A translational fusion between a photo-switchable protein and 

SNAP-tag enzyme (Opto-SNAP),24 ii) a thiol-containing biopolymer (Rat tail Collagen, 

Corning), and iii) a targeted heterofunctional SNAP-tag substrate (benzylguanine-maleimide) 

(Figure 2.1 b). We show that benzylguanine-maleimide (BG-Mal) covalently links Opto-

SNAP proteins to a collagen hydrogel (OptoGel), offering an alternative to recombinant ECM 

modification. OptoGels mimic biologically relevant tissue dynamics that have been shown to 

influence cell fate decisions in development and disease through blue light stimulation.14,25 The 

ease with which OptoGels are assembled and their ability to precisely mimic natural ECM may 

greatly facilitate cellular mechanical studies.  

 

2.2 - Results  

2.2.1 SNAP-tag Fusion Design   

The core component of our OptoGels is a purified “optogenetic” protein that can 

occupy two self-association states, one with a substantially greater dissociation constant (Kd) 

than the other, depending on whether it has absorbed the energy from a photon of a particular 

wavelength of light.26 To begin we chose to work with the Lov-domain containing protein 

EL222, a blue light– responsive protein from Erythrobacter litoralis.27 EL222 undergoes a 

well-documented conformational rearrangement in the presence of blue light, whose switching 
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efficiency peaks at 450nm light, to expose a high affinity homodimerization interface.28 We 

hypothesized that covalently linking EL222 to gelled collagen by creating a SNAP-tag - EL222 

fusion protein (EL222-SNAP) would permit light-programmable stiffening caused by the 

formation of nascent crosslinks resulting from the light-induced decrease in EL222-EL222 Kd, 

as the EL222 homodimers would act analogously to crosslinks (Figure 2.1 c).   

From the N- to C- terminus, EL222-SNAP consists of a 6x His tag to aid in purification, 

mCherry-FP to permit visualization of functionalized collagen hydrogels (OptoGel), a TEV 

cleavage site followed by EL222, a 6 amino acid GS linker, and the SNAP tag enzyme (Figure 

2.2 a, Supplementary Information Table T2.1). The TEV cleavage site is intended to allow 

removal of the fluorescent reporter and aids in construct identification. This construct, EL222-

SNAP, was expressed and purified through E. coli bacterial expression, metal affinity 

chromatography, and size exclusion chromatography. Correct expression was verified via 

western blotting with anti-His and anti-SNAP-tag antibodies directed against the N- and C- 

termini, respectively. Colocalization of signal corresponding to anti-His and anti-SNAP-tag at 

75 kDa indicated the presence of a full-length construct. Matrix Assisted Laser Desorption 

Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS) of purified EL222-SNAP 

produced a m/z peak at 74.4 (Figure 2.2 e, black line). An overnight TEV digestion of EL222-

SNAP produced two distinct peaks at 30 and 44.2 (Figure 2.2 f, g, black line), corresponding 

to the N- and C- terminal products of EL222-SNAP and confirming the successful purification 

of our synthetic product. We noted the presence of minor degradation products from the full-

length product in both western blots and MS (Fig. 2B,C), however these did not appear to 

influence EL222-SNAP function or subsequent experiments.  
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a) 

b) c) d) 

e) f) g) 

Figure 2.2. a) Schematic of EL222-SNAP protein. EL222-SNAP absorbance at 450nm during b) 25 

seconds of blue light illumination, c) 7 duty cycles of illumination, and d) illumination at 1-, 10-, and 20-

days post purification. e) EL222-SNAP increases ~650 Da when incubated with BG-Mal. After TEV 

digest, N-terminal product shows no mass shift f), while C-terminal fragment increases ~650 Da.    
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2.2.2 EL222-SNAP Functionality  

Purified EL222-SNAP must be both light-responsive and efficiently conjugate BG-Mal 

in order to engineer reversible, light-tunable OptoGels. Thus, after purifying EL222-SNAP we  

sought to verify that it was fully functional. In the absence of blue light, EL222-SNAP exhibits 

an absorbance peak at 450 nm, consistent with published reports of EL222.28 Upon 

illumination, this peak decreased (Figure 2.2 b), indicating that our recombinant EL222-SNAP 

could indeed photo-actuate, consistent with Cys-FMN adduct formation and decreased Kd.
28 

After removing blue light the 450 nm absorbance peak returned, indicating reversibility. 

Additionally, we tested EL222-SNAP’s capacity to be cyclically photo switched and found no 

fatigue after 7 sequential activations (Figure 2.2 c). Finally, measurements of 

photoswitchability of purified EL222-SNAP over 20 days revealed no degradation in its ability 

to respond to light activation (Figure 2.2 c). Taken together these results demonstrate that the 

light-responsive functionality of EL222 is retained in the SNAP-tag fusion.   

In order for EL222-SNAP dimerization to alter the OptoGel’s stiffness it must be 

mechanically coupled through covalent attachment of the SNAP-tag domain to BG-Mal. To 

confirm this interaction, we compared MALDI-TOF mass spectrometry of EL222-SNAP with, 

and without, BG-Mal incubation. As expected, incubation with BG-Mal increased the mass of 

EL222-SNAP by 650 Da, consistent with the mass of BG-Mal (Figure 2.2 e). TEV protease 

digestion of EL222-SNAP, which cleaves the His-mCherry from EL222-SNAP, confirmed 

BG-Mal binds at the C-terminal SNAP-tag (Figure 2.2 f, g). Together, these results indicate 

that our purified EL222-SNAP has the functional characteristics required to engineer 

reversibly photo-switchable biopolymers.  
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+AlexNative 

Figure 2.3. a) Naïve (untagged, left) and Alexa-555-maleimide tagged (right) collagen 

hydrogels. Fluorescence signal in the pattern of discernable fibrils confirms the presence of 

reactive thiols within collagen hydrogel. Scale bar = 10 µm. b) (Top) 1 mg/mL collagen hydrogel 

functionalized with EL222-SNAP with (right) and without (left) a prior BG-Mal incubation. 

mCherry signal, from EL222-SNAP, is shown. Scale bar = 10 µm. (Bottom) Fluorescence 

intensity across 50 µm trace (yellow line) of above images. c) Percent change of elastic modulus, 

as determined by IT-AFM, of EL222 OptoGels during activation. * represents p < 0.05. d) Elastic 

moduli of EL222 OptoGel during 2 sequential activations. e) Elastic moduli of EL222 OptoGel 

made with 3 EL222-SNAP incubations (versus 1) during 2 sequential activations. Absolute 

averages for 2.3d and 2.3e reported in Supplementary Table T2.2. Percent change is calculated 

from the mean. 

 

a) 

b) 

c) 

d) e) 
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2.2.3 Functionalization of Collagen Hydrogel with Opto-SNAP  

After establishing the functionality of EL222-SNAP, we next sought to use this tool to 

functionalize off-the-shelf collagen hydrogels. Collagen is an ideal substrate to demonstrate 

this platform due to its ease of handling, ubiquitous use in cell culture and 

bioengineering,11,29,30 and high mole ratio of cysteine residues (~17/molecule). This final 

attribute permits a high degree of functionalization via thiol-maleimide click chemistry 

between BG-Mal and collagen-residing cysteine residues.   

The presence of solvent-accessible cysteine residues in collagen hydrogels was first 

assessed with Alexa555-maleimide. The strong fluorescent signal seen in Alexa555 modified 

hydrogels, even after multiple washes, indicated extensive availability of modification sites 

(Figure 2.3 a). By utilizing BG-Mal as a directionally specific linker for SNAP-tag and thiols, 

a variety of Opto-SNAP fusion proteins can be tethered to the collagen network with equivalent 

maleimide-thiol click chemistry. We tested different BG-Mal concentrations to determine the 

most effective approach for attaching Opto-SNAPs. 100µM was the only concentration 

resulting in a stiffness increase after completing functionalization and activation. Therefore we 

used 100 µM BG-Mal for all subsequent experiments (Figure S2.1). To avoid BG-Mal 

reacting with surface-exposed thiols on EL222, which could conjugate EL222-SNAP 

monomers and compromise their function, collagen hydrogels were incubated with BG-Mal 

prior to the addition of EL222-SNAP, resulting in specific, covalent coupling of EL222-SNAP 

to collagen (Figure S2.2). The resulting hydrogels showed mCherry fluorescence with clearly 

discernable collagen fibrils (Figure 2.3 b, top right). Hydrogels incubated with EL222-SNAP 

but lacking BG-Mal, resulted in the absence of fluorescent fibrils (Figure 2.3 b, top left) 

demonstrating that EL222-SNAP coupling to collagen is BG-Mal dependent.   
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To establish OptoGels as a useful tool for cell mechanics studies they must support cell 

growth in a similar manner to commonly used surfaces, such as collagen and glass. We 

confirmed that HeLa cells plated on EL222 OptoGels maintained a similar viability and 

metabolism to cells on collagen and glass substrates over a 7-day period, thus confirming that 

the EL222-SNAP functionalization is non-toxic (Figure S2.3).    

 

2.2.4 Light-Dependent Mechanics of OptoGels  

As discussed previously, EL222 undergoes a structural rearrangement when activated 

to expose a high-affinity dimerization site.28 Notably, the relationship between crosslink 

density of collagen and resulting stiffness is well documented, and even exploited 

evolutionarily to yield tissues of varying mechanical properties.2,31 Thus, we hypothesized that 

EL222-SNAP dimerization within OptoGels would act as reversible crosslinks, therefore 

stiffening the OptoGel in the presence of light. To discern the stiffness dynamic range 

achievable with EL222 OptoGels we subject them to blue light illumination while 

simultaneously measuring stiffness using IT-AFM. We found a statistically significant 22% 

increase in elastic modulus of EL222 OptoGels (196 Pa to 239 Pa) (n = 9) (Figure 2.3 c). To 

accurately mimic the mechanically dynamic environment experienced by cells in vivo, 

OptoGels must reversibly soften and stiffen in response to activating light. To test if OptoGels 

can be reversibly toggled, we subject them to two rounds of sequential activation (10 min OFF, 

10 min ON). The elastic moduli of the OptoGel after illumination was roughly 20% higher 

than that of the preceding dark state, thus confirming that OptoGels can undergo dynamic 

stiffening (Figure 2.3 d). To test if additional washes with purified EL222-SNAP increased 

the dynamic range we tested the mechanical toggling in a gel that had been washed 2 additional 



 

 15 

times in EL222-SNAP for a total of 3 washes. While we found that these 3X OptoGels were 

an order of magnitude stiffer in their baseline dark state, upon activation they again stiffened 

to roughly 20% greater than their baseline (Figure 2.3 e, Supplementary Information Table 

2.2). Interestingly, dark-state stiffnesses decreased with each successive activation in both 

OptoGels, most likely as a result of gel fatigue.  

A well-established relationship between substrate stiffness and pore size has been gleaned from 

experiments conducted on static hydrogels. Typically, pore size can be tuned by altering 

polymer concentration or polymerization.32,33 Therefore, to interrogate the mechanism of 

stiffening in activated EL222 OptoGels, the pore size of an EL222 OptoGel was measured with 

confocal microscopy pre- and post-activation. In the basal state (i.e. no illumination), the 

average pore area was measured to be 1.6 µm2 (Figure S2.4). Despite blue light activation, our 

visual quantification revealed no change in pore size, however this method is limited to 

measuring changes greater than the resolution limit of our optical system. 

 

2.3 - Discussion  

The mechanical and biochemical importance of the ECM is well established and 

continues to be an area of intense research. Until recently, the inability to dynamically control 

the mechanical properties of protein-based hydrogels has forced these two parameters to be 

studied either independently or in a static fashion, thus inadequately recapitulating the 

dynamics of the extracellular environment.34 As the most abundant protein in the ECM, 

collagen is an obvious choice for creating de novo ECM mimetic materials. Collagen’s 

hierarchical structure provides many unique opportunities for tuning macroscopic mechanical 

properties.11,29 Parameters such as fiber dimensions, polymerization condition, and fibrillar 
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crosslink density can be manipulated prior to polymerization, yielding hydrogels with variable, 

but static mechanical properties.2,31,32 Considering these physical attributes are essential for 

many cell-scaffold interactions and mechanotransduction.13,18–20 the field is limited to varying 

the properties of static gels and extrapolating between conditions to predict how cells would 

respond to in vivo. While this approach has uncovered several relationships between substrate 

mechanics and cell fate decisions, it fails to capture real time changes that occur during 

development and disease.3,4,6,35  

Our solution leverages the combined attributes from light responsive proteins and the 

SNAP-tag enzyme. The resulting fusion protein has several key advantages for engineering 

ECM mimetic hydrogels. First, opto-proteins photo-switch within milliseconds of stimuli 

application,36 allowing the ability to reversibly toggle material changes within physiologically 

relevant timeframes. Second, BG-Mal click chemistry makes for facile modification of most 

proteins via peptidyl thiols. Other commercially available benzylguanine derivates are 

designed to target carboxyl- or amine- functional groups, thus offering the possibility to 

engineer heterofunctionalized proteins and non-protein-based ECM components, such as 

hyaluronic acid. In comparison to classical collagen crosslinking methods such as 1-ethyl-3-

(3-dimthyllamino-propyl)carbodiimide (EDC), thiol-maleimide click chemistry avoids 

compromising nucleophilic amines necessary for robust cell-substrate interactions.37 While the 

work presented here demonstrates the effects of homo-dimerization upon illumination, other 

classes of opto-proteins exist, including homo- and hetero-oligomerizers and dark-inducible 

protein complexes, offering a suite of options for engineering dynamic stimuli-responsive 

materials.38–40   
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By conjugating EL222 to Collagen Type 1 we were able to create a collagen hydrogel 

with programmable mechanical properties. While the first iteration of our OptoGels 

demonstrated a modest dynamic range (~22%) in comparison to other optoprotein-based 

dynamic substrates, who stiffen on the order of kilopascals,14 such stiffness increases have 

been shown to increase integrin expression and drive invasion of mammary epithelial cells.25 

In future work we plan to increase the dynamic range of OptoGels by engineering Opto-SNAPs 

with increased oligomerization states (oligomeric vs. dimeric), however the aforementioned 

studies highlight potential immediate uses for OptoGels. Importantly, EL222 OptoGels 

underwent two rounds of reversible stiffening, highlighting their use in modeling complex 

mechanical dynamics. As previously mentioned, the relationship between mesh size and 

material stiffness has been well documented. Thus, we anticipated mesh network contraction 

during stimulation. Contrary to our prediction, increased stiffness appeared independent of 

mesh size. We interpreted this result to mean that EL222-SNAP was forming nascent 

crosslinks between adjacent collagen fibrils, leading to increased crosslink density within the 

gel. Previous studies have shown such processes manifest increased stiffness independent of 

changes in pore size.37,41,42 Future work may involve a combination of multiple crosslinking 

methods to first tune OptoGels to a desired baseline stiffness,3,41 followed by functionalization 

to achieve dynamic control.  

In summary, we describe an approach to create reversibly stiffening thiol-containing, 

biopolymer hydrogels using SNAP-tag coupling. As a proof of concept, we implemented this 

platform by coupling EL222-SNAP with Type 1 Collagen. We show that EL222-SNAP 

covalently binds collagen hydrogels in a BG-Mal dependent fashion and that the resulting 

hydrogel undergoes reversible increases in stiffness in a light-dependent fashion. Importantly, 
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this technology combines collagen’s intrinsic biological activity with the ability to tune 

mechanical properties, thus offering a user-regulated ECM-mimetic environment.   

OptoGels provide an immediate opportunity to control acute mechanical cellular 

environments. Furthermore, by combining the existing OptoGel platform with advanced light 

delivery devices we hope to increase our control over the spatial and temporal dimensions. 

Additionally, by altering the ‘Opto’ module of Opto-SNAP to include light inducible release 

of signaling proteins, we plan to expand the capabilities of OptoGels to include control of 

chemical cellular environments. Thus, OptoGels may serve as a singular material capable of 

recapitulating the mechanical and biochemical components of native ECM. 

 

2.4 - Materials and Methods  

Opto-SNAP synthesis and purification: The EL222-SNAP expression plasmid was 

synthesized from the pBAD expression vector (Invitrogen), mCherry, peblindv2 (encoding 

residues 1-225 of EL222), and pSNAP-tag(T7) (NEB) using Gibson Assembly. Plasmids were 

transformed into E. coli TOP10 (Thermo Fisher Scientific) and transformed clones were 

selected by 100 µg/mL ampicillin. To express EL222-SNAP, an overnight culture was used to 

inoculate 1 liter of Terrific Broth (TB, IBI Scientific), supplemented with100 µg/mL ampicillin 

such that the OD600 was 0.01. The culture was grown at 37°C until the OD600 reached 0.4-0.6 

at which point flasks were covered to keep the culture dark and 0.4% (w/v) arabinose was 

added to induce expression. All steps after arabinose induction were carried out in the dark or 

under red light to prevent activation of EL222-SNAP. After incubation at 25°C for 14-16 hour, 

bacteria were harvested by centrifugation, washed with 30mL PBS, and shock frozen in liquid 

nitrogen for future purification.   
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To purify the EL222-SNAP, frozen pellets underwent 2 freeze/thaw cycles, and were 

resuspended in lysis buffer (20mM imidazole, 20mM Tris, 150mM NaCl, pH 8.0) 

supplemented with 0.25 mg/mL lysozyme (Sigma, 6867-1G) and 1% (v/v) Protease Inhibitor 

Cocktail (Sigma, P8849-5ML). After a 30 minute incubation at room temperature with gentle 

shaking, the solution was sonicated at 30% power with an ON:OFF cycle of 15 seconds : 45 

seconds for a total time of 5 minutes. Cell lysates were clarified via centrifugation at 10,000g 

for 15 min. Clarified lysate was loaded onto a HiTrap High Performance Ni-NTA column (GE 

Healthcare) and separated using a BioRad NGC chromatography system (Bio-Rad 

Laboratories, Hercules CA). After sample loading, the column was washed with 5 column 

volumes of binding buffer (20 mM imidazole, 20mM Tris and 150mM NaCl pH 8.0) to remove 

unbound proteins. Proteins of interest were eluted from the column using binding buffer 

supplemented with imidazole (250 mM imidazole, 20mM Tris and 150mM NaCl pH 8) and 

quickly dialyzed to remove imidazole (20mM Tris and 150mM NaCl, pH 8.0). EL222-SNAP 

eluted from the His-Trap was further separated from unwanted proteins using a Superdex 75 

10/300 GL size exclusion column. 500 µL of His-Trap elutant in dialysis buffer was loaded 

and separated using a flow rate of 400 µL/min while collecting 750µL fractions.  Protein 

concentration and purity were determined with ultraviolet absorption (λ = 280 nm, Extinction 

Coefficient 75540 M-1cm-1 prior to aliquoting and freezing at -80°C for future use.  

 

Light responsiveness and TEV digestion of EL222-SNAP: Purified EL222-SNAP was diluted 

to 0.5 mg/mL and subject to 1-minute blue light OFF-ON cycles (7x). Absorbance spectra 

from 200 nm to 900 nm was measured at 5 second increments with an IMPLEN NP80 
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spectrophotometer. Blue light was delivered by a single 450nm LED powered with a 9V 

battery placed over the sample.  

For TEV digestion, EL222-SNAP was diluted to 1 mg/mL and incubated with 1 µL 

TEV (2 mg/mL)(Sigma) in a 250 µL reaction. The sample was protected from light and 

digested overnight at room temperature. Cleaved samples were used for further 

characterization via Mass Spectrometry, incubation with BG-Maleimide (NEB, S9153S), or 

loaded onto a HiTrap High Performance Ni-NTA column (GE Healthcare) for separation. For 

samples loaded into the affinity column, both the wash (Buffer A) and elutant (Buffer B) were 

saved, dialyzed into Buffer C, and examined with western blot analysis using anti-His (SC 

Biotech, SC-53073) and anti-SNAP (NEB, P9310S) antibodies.  

Additional samples, both TEV-treated and -untreated, were incubated with 100 µM 

BG-Maleimide (NEB, S9153S) overnight at room temperature, and dialyzed into buffer C to 

remove excess BG-Maleimide. Dialyzed samples were used for characterization with MALDI-

TOF Mass Spectrometry.  

 

Optogel preparation: To promote adhesion of collagen to glass surfaces for subsequent 

mechanical and cellular tests, surfaces were treated with silanol followed by glutaraldehyde. 

Briefly, 15mm glass cover slips (#1.5) were cleaned in a bath of ethanol for 24 hours and then 

dried in the oven at 155°C for 1 hour. Clean surfaces were in incubated in excess 2% 3-

Aminopropyl)triethoxysilane (Sigma-Aldrich) in ethanol for 1 hours at room temperature will 

orbital shaking at 30rpm. Surfaces were then rinsed with excess ethanol and heated at 37°C 

overnight. Silanted surfaces were subsequently treated with 2% glutaraldehyde (Electron 

Microscopy Sciences, # 16216-10) in PBS for 2hours at room temp. Surfaces were then rinsed 
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with excess PBS (2X) and deionized water (2X) to remove excess glutaraldehyde and salt and 

dried using a sterile air stream before being used to support hydrogels.  

Collagen hydrogels were synthesized from rat-tail collagen (Corning, 354249) per the 

manufacturer’s suggestion. Briefly, 1 mg/mL hydrogels (70 µL) were prepped from a high-

concentration collagen stock (9.4 mg/mL), 1M NaOH, 10x PBS and water. Hydrogel solution 

was incubated at 37°C for 45 minutes to induce gelation. After gelation, hydrogels to be imaged 

with Alexa555-maleimide (Thermo) were incubated in 100 nM dye solution for 2 hours at 

room temperature. Hydrogels were washed 3 times with PBS to remove unbound dye and 

stored at 4°C until imaging.  

Hydrogels to be functionalized to OptoGels were incubated in 100 µM BG-maleimide 

for 1 hour at room temperature. Unbound BG-Mal was removed with 3x PBS washes. 

Hydrogels were further incubated in 4.5 mg/mL EL222-SNAP overnight at room temperature 

and washed the following day. All opto protein incubations and proceeding steps were done 

in the dark to prevent aberrant opto-protein activation. Hydrogels were stored submerged in 

the dark in PBS at 4°C until experiments.  

 

Cell culture and viability: HeLa cells were stored at 37°C and 5% CO in T25 flasks in 

Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum and 1% 

antibiotic (25units/mL penicillin, 25µg/mL streptomycin)(Invitrogen). For alamarBlue and 

Live/Dead assays, 96-well glass bottom dishes (Cellvis, Mountain View, CA) were salinated 

as previously described and 50µL collagen hydrogels were cast in the bottom of the wells and 

functionalized with EL222-SNAP. Cells were plated at a density of 10,000 cells/well in and 

monitored over 7 days. Metabolic activity was visualized using media supplemented with 10% 
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alamarBlue solution following manufacturers protocol. 100uL samples of media were taken 

after a 1 hour incubation at 37°C and fluorescence signal (Ex/Em 560nm/590nm) was read 

with a plate reader (Biotek). After incubation in alamarBlue-supplemented media, cells were 

washed with PBS, DMEM, and replenished with fresh media.  

Live versus dead cells were quantified using a LIVE/DEAD Viability/Cytotoxicity Kit 

(Thermo). Cells were washed once with PBS and incubated in 2µM Calcein-AM and 4 µM 

ethidium homodimer-1 for 45 minutes at 37°C prior to imaging. Images were captured on a 

Nikon Super Resolution Spinning Disk Confocal microscope and live/dead cells were 

identified by custom FIJI macros or by hand, depending on cell density.     

 

Pore size determination: EL222 OptoGels were visualized with a spinning disk super 

resolution confocal microscope (Nikon) with a 60X water-immersion lens and 1.5X multiplier. 

Gels were activated with 1 second pulses of 100% 447 nm laser every 5 seconds for 10 minutes. 

mCherry on EL222-SNAP was utilized to visualize the microarchitecture of OptoGels. The 

hydrogel was visualized as 5 µM Z-stacks with slices every 0.3 µM (18 slices in total). Slices 

were taken with the following settings: 100% 561 nm laser, 100 ms exposure, sum of 8 images. 

Images used for pore size determination were constructed from 3 adjacent slices combined as 

average intensity projections. 4 different 40 µM x 40 µM areas, before and after activation, 

were analyzed in FIJI using elliptical ROIs to identify pores. Images were randomized, to 

prevent biased between pre- and post- activation and subject to analysis by three individuals.  

 

IT-AFM: Images and force measurements were conducted on a MFP-3D Bio (Asylum 

Research, Santa Barbara, CA). SICON-TL-SiO₂-A silicon tips with a 5µm radius probe 
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(APPNano, Mountain View, CA) were used in all experiments. Gels were cast onto 10mm 

mica discs (TedPella, Inc) glued to standard microscope slides. All experiments were 

conducted within 24 hours of casting. Samples are loaded into the AFM scanning stage and 

subsequently submerged in PBS. Submerged samples were allowed to equilibrate in the 

instrument for 30min. Prior to force measurements, the cantilever spring constant was 

experimentally determined by the thermal tune method usually ranging between 0.5 to 1 N/m. 

Deflection sensitivity was calculated using a glass slide as an indefinitely stiff calibrant 

material. Force spectroscopy measurements were conducted over the maximum piezo travel 

length at 2 µm/s load/unload rate with a maximal loading force of 20 nN. Stiffness and values 

were calculated by Asylum Research’s Elastic Analysis Tool by fitting the lower 10% of the 

loading curve, a probe radius of 5000 nm and a Poisson ratio of 0.5 to the Hertz Model.  

 

MALDI-TOF Mass Spectrometry: EL222-SNAP identity was assessed using MALDI-TOF 

MS. Purified protein diluted to 1 mg/mL was mixed 1:10 with MALDI-matrix, a saturated 

solution of Sinapinic acid in 50% Acetonitrile 1% trifluoroacetic acid. The protein solution 

was then applied to a 96 spot MALDI target plate (Bruker) and air dried for 30 min. Mass spec 

analysis was conducted using a Microflex LRF MALDI-TOF (Bruker). Sample targets were 

irradiated using a Nitrogen laser at 337 nm and a pulse length of 3ns with a repetition rate of 

20 Hz. Detection occurred in linear mode between 20-80kDa at sampling rate of 1 Gs/s. Protein 

Calibration Standard 1 (Bruker #206355) was used as an internal calibration.   

 

Sample Illumination: Photoswitching and AFM samples from experiments detailed in main 

text figures 2 and 3 and supplementary figures 1, 2, 5, and 6 were illuminated at a distance of 
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4 cm from the sample using a home-built blue LED resulting in a surface power density of 

approximately 10 mW/cm^2 at 450nm. Light power was measured using a ThorLabs S121C 

photodiode power sensor with a 500mW max rating.  

 

Statistical Analysis: All scatter plots are presented as mean + Standard Deviation. Student t-

tests were performed on all data sets using the MatLab function ttest2 with significance of 

P<0.05 denoted by *. 
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Figure S2.1. Stiffness increases, represented as fold-change from the 

OFF state, for OptoGels made with increasing concentrations of BG-

Mal. 

Figure S2.2. a) Schematic showing incubations and subsequent functionalizations involved in OptoGel 

production.  b) EL222-SNAP was incubated with or without BG-Mal for 1 hour at room temperature and 

examined with western blot analysis and anti-SNAP staining. Incubation with BG-Mal resulted in the 

formation of EL222-SNAP complexes, as denoted by *. Thus, we chose to functionalize collagen with two 

separate incubations to avoid the formation of EL222-SNAP complexes within the collagen hydrogel. 

a) b) 
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Figure S2.3. a) Percent viability (live/dead) of HeLa cells plated on EL222 OptoGels or collagen or glass 

controls. OptoGels supported a similar viability to both controls over a 7-day period. b) Metabolic activity, 

as determined by alamarBlue, of HeLa cells plated on EL222 OptoGels, collagen, or glass. Cells growing 

on OptoGels demonstrated similar metabolic activity over a 7-day period. c) Representative images of 

Live/Dead staining used to determine percent viability.    

 

a) b) 
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Figure S2.4. a) Top-left: Representative image of EL222 OptoGel prior to activation. Scale bar = 20 µm. 

Top-right: zoom of yellow box indicated. Pores used for area calculation are indicated by yellow ovals. 

Scale bar = 5 µm. Bottom-Left: EL222 OptoGel after 10 minutes of simulation. Bottom-right: zoom of cyan 

box indicated. Pores used for area calculation are indicated by cyan ovals. Right: Overlay of pre- (yellow) 

and post- (cyan) stimulation ROIs used to identify pores.  b) Comparison of pore sizes before (blue) and 

after (purple) stimulation.  c) Distribution of pore sizes before and after stimulation.  

 

 

a) 

b) c) 
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 OFF ON OFF ON OFF 

1X EL222-

SNAP incubation 

(3C) 

502.0 572.22 424.33 572.11 432.3 

3X EL222-

SNAP incubation 

(3D) 

6025.8 7794.4 5421.4 6706.2 5286.9 

HHHHHHGMASMTGGQQMGRDMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPY

EGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGG

VVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKL

KDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYL

YENLYFQGSSMLDMGQDRPIDGSGAPGADDTRVEVQPPAQWVLDLIEASPIASVVSDPRLADNPLI

AINQAFTDLTGYSEEECVGRNCRFLAGSGTEPWLTDKIRQGVREHKPVLVEILNYKKDGTPFRNAV

LVAPIYDDDDELLYFLGSQVEVDDDQPNMGMARRERAAEMLKTLSPRQLEVTTLVASGLRNKEV

AARLGLSEKTVKMHRGLVMEKLNLKTSADLVRIAVEAGIGSGSGSMDKDCEMKRTTLDSPLGKLE

LSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEFPVPALH

HPVFQQESFTRQVLWKLLKVVKFGEVISYQQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSS

SGAVGGYEGGLAVKEWLLAHEGHRLGKPGLG 

 

 

Supplementary Table T2.1. Amino acid sequence of purified EL222-SNAP. Red, blue, and green text 

represent mCherry, EL222, and SNAP-tag, respectively. Black text, in sequential order, denotes His-tag/T7, 

TEV cleavage sequence, and GS linker.    

 

 

Supplementary Table T2.2. Average elastic moduli of EL222 OptoGels in Figures 2.3d (top row) and 2.3e 

(bottom row) in pascals. 
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CHAPTER 3: Diels-Alder Photoclick Patterning of Extracellular 

Matrix for Spatially Controlled Cell Behaviors 

Note: Figures, methods, and text from this chapter have been previously published in Bailey 

& Hopkins et al (2023). 

3.1 – Introduction 

Engineered extracellular matrix (ECM) offers an exciting route for both studying and 

controlling natural cell behaviors through the spatial patterning of local chemical and 

mechanical environmental cues that instruct cell decisions. In developing organisms, 

juxtacrine and paracrine signals are read out as informational fields that instruct the 

spatiotemporal cell fate choices, such as differentiation and migration, which are essential for 

laying out the body plan1. For example, spatial patterning of growth factors instruct cell 

migration in developing organisms and have been broadly associated with driving metastatic 

cancer cell migration2–4. However, limitations in the ability to arbitrarily pattern spatial cues 

have made it difficult to both engineer and dissect the role of cellular behaviors in tissue-level 

coordination. 

Various photopatterning technologies have been developed that allow spatially-

controlled immobilization of biomolecules within hydrogel matrices5,6, enabling the 

preparation of anisotropic microenvironments to control a number of cellular processes 

including: cell spreading7–9, proliferation10, differentiation11, and morphogenesis12. While 

promising, to date patterning of biochemical cues within hydrogels has largely been 

demonstrated in synthetic hydrophilic polymer networks (i.e., poly(ethylene glycol)) due to 

the superior chemical tunability of these systems. However, these inert matrices fail to 

recapitulate native cellular environments without considerable modification. Alternatively, 
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naturally-derived protein-based matrices (i.e., collagen, laminin, fibronectin, Matrigel) are 

commonly used in routine cell culture due to their inherent bioactivity and ease-of-use13. 

Implementing straightforward photopatterning strategies within ECM proteins would, 

therefore, combine the tunability of synthetic polymers with the natural chemical cues of ECM.  

Current photo-controlled bioconjugation technologies often rely on radical-based 

chemistry (i.e., thiol–ene)5; however, radicals are deleterious to the proteins present in the ECM  

and careful consideration of the radical photoinitiator is needed to avoid cytotoxicity in the 

presence of cells 14–16. Recent work has highlighted the need for non-radical propagating 

photopatterning strategies that can be applied to protein-based hydrogels10,12. As an alternative 

to thiol–ene chemistry, photocage-based strategies offer a radical-free alternative to patterning 

protein-based hydrogels5,10,11; however, these strategies typically involve the photocaging of 

thiols7,17 or amines12,18 which can limit the orthogonality of subsequent photoclick reactions 

due to the biological prevalence of these functional groups. The ability to photocage non-

biologically relevant functional groups, like alkoxyamines,10,11 endows additional 

bioorthogonality to photoclick reactions, but requires specific modifications of both the matrix 

and patterning agent which can be labor-intensive, limiting the adoption of photopatterning by 

a wide audience. Thus, we sought to overcome these challenges by developing a next-

generation photopatterning strategy that avoids radicals, is low cost, provides a non-

biologically relevant click handle, and can be accomplished with commercially available 

reagents. 

Our collaborators recently reported the use of cyclopentadienone–norbornadiene 

(CPD–NBD) as photocaged cyclopentadiene (Cp) which enables rapid, photo-triggered Diels–

Alder click chemistry–photoclick–with dienophiles19. Previous work demonstrated the utility 
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of photoclick chemistry for patterning biomolecules in synthetic hydrogels20. The photo-

uncaging of Cp in this reaction proceeds without the production of free radicals, and Cp has 

shown promise as a bio-orthogonal click handle21. Additionally, the use of maleimide as the 

dienophile partner enables our strategy to interface with a number of commercially available 

maleimide-bearing labeling agents and biologically relevant peptides.  

Through the use of a thiol-targeted derivative of CPD-NBD we present a novel 

functionalization platform to photo-pattern ECM proteins (Figure 3.1 a-c). We demonstrate 

the tunability and compatibility of our platform with a wide variety of natural ECM substrates 

and growth factors, highlighting a mix-and-match approach to spatially define cellular 

responses. This work underscores the promise of streamlined preparation of patterned surfaces 

from commercially available materials. By focusing on EGF’s role in controlling cell 

migration, we demonstrate that this platform can be used to spatially engineer cell behaviors 

on naturally occurring ECM proteins.  

 

3.2 – Results 

3.2.1 Functionalization of ECM Proteins with CPD-NBD 

We previously demonstrated cysteine residues in natural ECM are sufficiently reactive 

to immobilize high densities of small molecules and proteins22. Thus, we designed a 

maleimide-functionalized CPD-NBD derivative that covalently links to naturally occurring 

cysteines (Figure 1) within ECM proteins.  We reasoned that a photocaged diene handle on a 

thiol-targeting molecule, that could later be de-protected with light, would enable arbitrary 

spatial patterning of cell-stimulating ligands. Notably, the dienophiles intended for 

functionalization can also react with free thiols (cysteine residues) within the ECM protein 
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networks and result in off-target immobilization. By saturating these sites with CPD-NBD we 

minimize regions where off-target binding may occur and leave only photo-deprotected Cp for 

dienophile binding in subsequent patterning steps. 

Thus, we synthesized a maleimide-bearing CPD–NBD derivative, 7, in five steps from 

inexpensive precursors (Figure 3.1 d). The maleimide unit enables efficient bioconjugation to 

cysteines via Micheal additions, whereas reducing the substituent sizes on CPD–NBD adduct 

7 from the originally reported pentyl and phenyl groups to methyl groups19 improves the 

solubility in phosphate buffered saline with dimethyl sulfoxide (DMSO) as a co-solvent. 

Improving aqueous solubility allowed us to directly add CPD-NBD to polymer solutions of 

Collagen Type 1, fibronectin, laminin and Matrigel without matrix precipitation. Full details 

of CPD–NBD synthesis and ECM protein preparation protocols can be found in the Supporting 

Information. 

 

3.2.2 Tunable Fluorescent Dye Patterning 

We first sought to validate the use of our protein-conjugated CPD–NBD moieties to 

pattern maleimide bearing species within ECM proteins. Fluorescent dyes are commonly 

employed as labeling agents in several biological applications and can be purchased with a 

large range of excitation wavelengths (350–900 nm) and functionalities, including maleimide 

reactive handles. Thus, we chose to test the tunability of patterning in both concentration of 

de-protected groups and spatial resolution of CPD–NBD uncaging with a maleimide-bearing 

Alexa Fluor 555 dye (Alexa-mal). We selected four common cell culture matrices to 

demonstrate the ability of CPD–NBD to immobilize Alexa-mal in UV-irradiated areas: 

fibronectin, laminin, collagen, and Matrigel. These proteins represent a sizable fraction of 

ECM proteins used in tissue culture and tissue engineering23. Following masked irradiation of  
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Figure 3.1.  Graphic depiction of CPD–NBD patterning platform involving a) ECM protein 

functionalization with cysteine-reactive CPD–NBD units. This step simultaneously serves to saturate free 

thiols (cysteines) within the ECM matrix to prevent off-target immobilization in subsequent dienophile 

incubations. b) UV patterning to uncage reactive diene units (green) and c) subsequent Diels–Alder-based 

patterning of maleimide functionalized biomolecules. d) Synthesis of cysteine reactive CPD–NBD adduct 

(7) for protein functionalization. Conditions: i) hydroquinone, 200 °C, pressure vessel, 4 h, 56%, ii) DIBAL, 

THF, 0 °C, 30 min, 71%, iii) 1. K2CO3, MeOH, rt, 16 h, 2. MsCl, DMAP, 0 °C – rt, 16 h, 64%, iv) toluene, 

100 °C, 24 h, 53% v) 9, EDC, DMAP, DCM, rt, 1 h, 66%. 

a) b) c) 

d) 
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CPD–NBD functionalized surfaces (20 µM), gels were incubated in Alexa-mal solutions 

before thorough rinsing and imaging. High resolution patterns were readily achieved in all four 

substrates within 5 minutes irradiation time (LED, 365 nm, 6 mW/cm2), and maximal 

patterning intensities were obtained around 10 minutes irradiation (Figure S3.1 a,b).  

To further explore the concentration tunability and spatial resolution of our platform 

we used digital micromirror devices (DMDs) to create micron-scale patterns on CPD–NBD 

functionalized surfaces. Illuminating surfaces with a 10-intensity-level graded pattern (10 min 

illumination, 10X objective) demonstrated that Alexa-mal immobilization (Figure 3.2 a,b) has 

a broad dynamic range that linearly scales with illumination intensity. We noted that laminin 

displayed the greatest range of Alexa-mal immobilization across illumination intensities, 

followed by Matrigel and collagen. In contrast to the well-resolved patterns in all matrices 

following masked flood illumination (Figure S3.1 a,b), some variation in resolution was 

observed across images in DMD-generated patterns. This is likely an artifact of the DMD focal 

plane being affected by variations in surface thickness. We noted that collagen and fibronectin 

showed much greater spatial heterogeneity of patterning than laminin and Matrigel, likely 

reflecting deposition heterogeneity induced by processing the proteins in the presence of 

DMSO to solubilize CPD-NBD. We anticipate our recently reported water soluble CPD-NBD 

derivative will circumvent these challenges20. Nonetheless, we used the DMDs to highlight the 

spatial precision of CPD-NBD photo-uncaging by patterning complex shapes (cartoon shark 

and UCSB logo) on Matrigel surfaces (Figure 3.2c). The resulting Alexa-mal immobilization 

closely matches the corresponding UV pattern and demonstrates our ability to arbitrarily 

pattern on the micron scale. Furthermore, we highlighted a 250 µm region of each pattern 

containing intricate detail and plotted the fluorescence profile across the image (Figure 3.2d). 



 

 40 

Fine details, on the order of 10-20 microns, are clearly resolved thus demonstrating the high 

granularity that can be achieved and suggesting that CPD-NBD photopatterning can be applied 

on the single-cell level.  

The efficiency of protein functionalization was assessed by comparing Alexa-mal 

immobilization in CPD-NBD functionalized surfaces to that of surfaces treated with Alexa-

mal only (no CPD-NBD functionalization). Both molecules (Alexa-mal and CPD-NBD) bind 

the ECM protein network at cysteine residues therefore we reasoned the Alexa-mal signal in 

non-CPD-NBD-functionalized surfaces represents the upper limit of immobilization possible 

with the patterning platform. Alexa-mal intensity in irradiated areas closely matches that of 

non-CPD-NBD functionalized surfaces for 3 of the 4 materials (collagen, fibronectin, 

Matrigel), confirming complete photo-uncaging of CPD-NBD and efficient Cp-maleimide 

cycloaddition when linked to a protein network (Figure S3.1 c). We suspect that Laminin, did 

not reach its full deprotection at the tested illumination duration because of its greater number 

of cysteines (>6% of the residues as opposed to other ECM proteins with 1-3%). Overall, all 

ECM protein networks were significantly functionalized in a light-responsive manner, 

demonstrating the broad applicability of this platform.  
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Figure 3.2.  a) i) DMD-generated UV pattern with increasing intensities and ii) representative images of 

immobilized Alexa-mal following irradiation in each respective material. Data presented as mean +/- 

standard deviation. n=4. CYSd represents the estimated density of cysteines within the material as a product 

of polymer concentration and cysteine content of a respective monomer. **Matrigel is reported as a 

heterogenous protein solution with a variable composition, thus we did not calculate CYSd for Matrigel. See 

CYSd Determination table in SI Section 4 for further values. Scale bar = 200 µm.  b) i) Plot of irradiation 

intensity corresponding to each square of the DMD-generated UV pattern and ii) resulting fluorescent 

intensities represented as difference compared to background (non-irradiated regions). c) Matrigel surfaces 

patterned with a cartoon shark (i) and the UCSB logo (ii). Left images represent the DMD-generated UV 

pattern and right images show resulting Alexa-mal immobilization on Matrigel. Scale bars = 250 µm. d) 

Magnified region from corresponding Matrigel pattern (cyan outline) and 250 µm fluorescence profile 

(pink). Plots represent min/max normalized fluorescence intensity across profile line. Scale bars = 50 µm. 

c) d) 

a) 

b) 
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3.2.3 Designing a “Mix-and-Match” Patterning Platform with Biotinylated Species 

 The high-affinity and high-specificity interaction between biotin and streptavidin is 

routinely used for molecular engineering24. We envisioned that CPD-NBD photopatterning 

could interchangeably immobilize biotinylated species by using a maleimide-streptavidin 

linker as the Cp-reactive dienophile (Figure 3.3 a). Numerous biotinylated growth factors are 

available commercially or can be directly functionalized with N-hydroxysuccinimidyl (NHS)-

activated biotin to create a “mix-and-match” platform. To incorporate pattering of biotinylated 

species we adopted a two-step incubation after irradiation. First ECM networks are incubated 

in maleimide-streptavidin and washed. Second, they are conjugated with biotinylated effector 

molecules. To verify this protocol, we patterned a 500 µm diamond onto CPD-NBD 

functionalized fibronectin and carried out the two-step incubation with biotin-fluorescein, 

resulting in immobilized biotin-fluorescein within the pattern (Figure 3.3 b). We next applied 

the 10-intensity-level graded pattern to functionalized Matrigel and incubated with 

biotinylated-BMP4. BMP4 immunofluorescence confirmed morphogen immobilization in an 

illumination-intensity-dependent fashion with resolution similar to that of Alexa-mal 

patterning (Figure 3.3 c). These experiments confirm the “mix-and-match” modularity of our 

functionalization platform, demonstrating the ease with which various substrates and ligands 

can be used for patterning.  

 

3.2.4 Programming Cell Responses with Functionalized Substrates 

In our final experiments we chose to assess whether CPD-NBD localized ligands could 

be used to direct cell behaviors in a spatially confined manner. Thus, we focused on the role of 

EGF in controlling signaling and cellular motility as a test case. We first determined a 
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concentration of CPD-NBD that would not interfere with cell viability by monitoring 

metabolism on non-irradiated ECM proteins treated with up to 100 µM CPD-NBD. Metabolic 

activity and morphology were unaffected on surfaces prepared with up to 10 µM CPD-NBD 

for three common cell lines (HEK, HeLa, 3T3), whereas surfaces functionalized with 100 µM 

CPD-NBD slightly decreased metabolic activity for all cell lines and interfered with cell 

adhesion and spreading (Figure S3.2). Therefore, we chose to functionalize ECM proteins with 

10-50 µM CPD-NBD for cell studies. We were also curious how sensitive cell types, such as 

human embryonic stem cells (hESCs), would respond to CPD-NBD-functionalized surfaces. 

Laminin functionalized with 10 µM CPD-NBD supported the growth and mesodermal 

differentiation of embryonic stem cells (Figure S3.3), thus confirming that CPD-NBD is 

compatible with a variety of cell types. 

To determine if CPD-NBD photopatterning can be used to direct cell decisions we 

incorporated biotin-EGF into our mix-and-match approach to yield EGF-functionalized 

fibronectin. EGF signals through the MAPK/ERK pathway to promote growth, proliferation, 

and survival25; thus we reasoned that controlling ERK activity through patterned EGF could 

result in the ability to dictate a number of important cell behaviors. We grew HEK cells on 

EGF-patterned surfaces and immunostained for phosphorylated ERK (pERK) the following 

day after briefly (1 hour) serum-starving the cells26. Cells in irradiated regions of both 

photomask- and DMD-patterned surfaces had increased levels of pERK compared to their non-

irradiated surroundings (Figure 3.3 d, e). This confirmed that our CPD-NBD photopatterning 

platform successfully enables user-defined cellular signal transduction. 
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a) 

e) 

Figure 3.3. a) Schematic depiction of “mix-and-match” strategy by patterning maleimide–streptavidin and 

immobilizing biotinylated biomolecules.  b)  Image of immobilized biotin-fluorescein on fibronectin gel 

after masked irradiation (LED, 365 nm, 6 mW/cm2). Scale bar = 250 µm.  c) i) Immunofluorescence signal 

of BMP4 staining represented as ratio of pattern to background. ii) Immunofluorescent stain of biotin-BMP4 

immobilized on Matrigel. Data presented as mean +/- standard deviation. n=2. d) Increased pERK staining 

on area with immobilized EGF (left) after masked irradiation. Heatmap at bottom represents relative pERK 

intensity. Scale bar = 250 µm. e) i) phospho-ERK (pERK) stain on DMD-patterned surface (dotted square 

corresponds to projected pattern). ii) Quantification of whole-cell pERK inside (+UV) and outside (-UV) of 

irradiated region. Data presented as mean +/- standard deviation. **p < 0.001. n = >300 cells.   

c) 

d) 

b) 
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To understand the extent of ERK control enabled through this approach we measured 

the dynamics of ERK activity in single cells on EGF-functionalized. We utilized the ERK  

Kinase Translocation Reporter (ERK-KTR)27 and a custom computational analysis pipeline to 

quantify the effects of EGF-functionalized surfaces on dynamics (Figure 3.4 a, Figure S3.4 ). 

HeLa cells expressing the ERK-KTR were seeded on functionalized fibronectin. Following 

serum-depletion, we observed demonstrable increases in ERK activity over the course of six 

hours in EGF-functionalized wells while cells on non-irradiated surfaces showed only basal 

ERK activity (Figure 3.4 b, c). Remarkably, activated ERK was sustained through the entire 

duration of the experiment (6 hours) suggesting that our EGF functionalized ECM is resistant 

to receptor-level negative feedback that reduces pathway activity after activation with soluble 

ligands28,29. 

Without an available maleimide to undergo the click reaction, the uncaged Cp on the 

protein surfaces can slowly dimerize30; potentially increasing the material stiffness and driving 

ERK signaling31. Given the rapid reaction kinetics of the maleimide-Cp cycloaddition we 

anticipated negligible Cp dimerization would occur in our patterned surfaces32. Nonetheless 

we wanted to assess the potential impact of matrix stiffening on cell phenotypes by analyzing 

ERK activity on a CPD-NBD surface that had been irradiated to uncage Cp, but left untreated 

with maleimide-streptavidin/biotin-EGF to promote Cp dimerization. Minimal increases in 

ERK activity were noticed on the Cp surface compared to the non-treated and non-irradiated 

surfaces presented in Figure 4c and d. We reasoned that this represents the upper limit of matrix 

stiffening possible with our photopatterning platform and that the immediate addition of 

maleimide-streptavidin following Cp uncaging would out-compete the significantly slower 

Cp-Cp dimerization reaction32. Thus, we can confidently conclude that patterned EGF is 
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Figure 3.4. a) Schematic depiction of fluorescence readout for live-cell ERK activity reporter (ERK-

KTR). b) HeLa cells on CPD-NBD-functionalized fibronectin. Non-irradiated surface is shown on the 

top and irradiated surfaces with immobilized EGF are on bottom. Scale bar = 25 µm.  c) Relative ERK 

activity over 6 hours on surfaces. Single cells are represented across rows, with darker shades 

corresponding to increased ERK activity (low ratio of nuclear to cytoplasmic fluorescence).  d) 

Representative cell tracks on EGF-functionalized fibronectin i) and velocity ii) over 6 hours. Scale bar 

= 50 µm. Data presented as standard error of the mean. **p<0.001. n=240 +/- 60 cells. 

a) 

b) 

d) 
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primarily responsible for the significant increase in ERK activity observed on fully 

functionalized surfaces.         

Finally, we sought to test whether our functionalized ECM proteins could be used to 

control cell migration. Thus, we measured the migration of HeLa cells on EGF-functionalized 

fibronectin in comparison to unirradiated and Cp-dimerization controls. Remarkably, we found 

that cells on EGF-functionalized fibronectin migrated at roughly twice the velocity as those on 

non-functionalized fibronectin (Figure 3.4 d) and only a minimal increase in migration was 

observed on Cp-dimerization control surfaces (Figure S3.5). Overall, these experiments 

demonstrate that our CPD-NBD photopatterning platform can be used to program cell 

phenotypes in space.  

 

3.3 – Discussion 

Microlithographically-engineered hydrogels, that allow for precise, user-defined 

patterning of biological cues, have the potential to advance our understanding of how cell 

behaviors orchestrate tissue-level decisions and provide a next-generation materials 

functionalization platform for tissue engineering. Current approaches to create morphogen-

patterned microenvironments either utilize synthetic scaffolds, which deprive cells of natural 

signaling cues, or rely on cytotoxic radical-based chemistries, that can alter ECM structure. 

We present a novel material that utilizes a photocaged diene to arbitrarily immobilize proteins 

and small molecules through Diels-Alder chemistry, in radical-sensitive systems like natural 

ECM. By using a thiol-reactive CPD-NBD derivative that readily reacts with naturally 

occurring cysteine residues on ECM, our platform seamlessly integrates into standard surface 

functionalization protocols. Because of the large number of naturally occurring thiol groups 
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on ECM and the sensitivity of the CPD-NBD molecule our platform allows for highly tunable 

patterning as a function of irradiation intensity and time in all common ECM proteins. To 

interface with a large number of commercially available biotinylated protein ligands we 

incorporate a maleimide-streptavidin linker, thereby enabling the “mix-and-match” of any 

biotinylated species with any thiolated ECM network.  

As a demonstration of CPD–NBD’s capability for programming cell behaviors in a 

spatially-defined region of ECM, we created EGF-functionalized surfaces to instruct ERK 

signaling and motility of multiple mammalian cell types. ERK signaling dynamics are critically 

involved in development, regeneration, and disease; thus, methods that spatially engineer ERK 

activity offer exciting routes for studying the role of morphogens in guiding tissue 

organization. In addition, such substrates promise to enhance the reproducibility and precision 

of spatially engineered cell decisions. Future applications of this technology to intricately 

patterned stem cell fate choices promise to allow engineered systems to match the complexity 

of those observed in organismal development. Indeed, our demonstration of hESC viability on 

CPD-NBD functionalized laminin (Figure S3.3) indicates the compatibility of lithographic 

morphogen immobilization with developmental models to probe how localized “signaling 

centers” instruct cellular fates in a developing embryo. 

 

Microlithographic patterning in 2D and 3D 

While advances in microlithographic technologies have enabled scientists and 

engineers to pattern light with wavelength precision these powerful techniques have not been 

widely adopted in patterning tissues.  Light-responsive bio-orthogonal molecules offer the 

opportunity to interface spatial patterning devices with biological systems. Here we report the 
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use of micromirror arrays to pattern light in 2D. In the future, we envision incorporating 

methods to spatially patterning light in 3D, such as by 2-photon and holographic approaches, 

into this platform. These mature light-delivery technologies will enable the application of 

microlithographic patterning to instruct the complex 3D architecture of human tissues, such as 

the patterning of vasculature, which has remained an unrealized goal of tissue engineering for 

decades. Thus, we imagine that the radical-free nature of CPD-NBD, along with a recently 

reported water-soluble CPD-NBD derivative20, could provide an exciting approach for 3D 

patterned biomaterials. 

 

Ligand-functionalized surfaces for achieving prolonged, high-intensity signaling  

The binding affinity of natural ligands to their receptors is so high (Kd 1 – 10 nM) that, 

effectively, once the ligand-receptor complex is formed it does not unbind33. Thus, in order to 

initiate a new round of signaling, cells internalize and degrade receptor-ligand complexes. This 

process results in a characteristic timescale of signaling, which can fully determine a cell’s 

fate, such as dictating the difference between growth and differentiation34. Interestingly, by 

tethering the ligand to a substrate it has been suggested that this internalization can be inhibited, 

thereby prolonging the signaling regime delivered by the activated receptor-ligand complex35.  

We noted that our functionalized surfaces promoted sustained signaling as well, likely 

due to the cell’s inability to internalize the ECM-bound ligand. In solution EGF is rapidly 

internalized (<15 minutes)28 along with its receptor, EGFR, with ERK activity decreasing 

steadily over the following 2 hours29. Remarkably cells grown on our EGF-functionalized 

fibronectin achieved sustained ERK activity throughout the entire duration of the experiment 

(6 hours). Such prolonged signaling may have several advantages. It could enable access to 



 

 50 

cell fates that can only be achieved through continuous, long-term activation of a signaling 

pathway which are typically achieved with small molecule inhibitors in differentiation 

protocols and have been shown to induce transformation of some cells into cancer36. In 

addition, by efficiently delivering sustained signals our functionalized materials could be used 

to develop growth-promoting surfaces for implantation and tissue engineering.  

 

Conclusion 

We present the de novo synthesis and application of a novel photopatterning platform 

to spatially immobilize morphogens in ECM protein networks. The photosensitive CPD-NBD 

molecule readily binds ECM proteins without the need for any additional modifications to 

natural ECM. This property was used to establish surface functionalization protocols and 

interfaces with commercially available ligands that influence cell fates. We demonstrate the 

highly tunable nature of CPD-NBD photopatterning in four common ECM protein scaffolds 

and immobilize EGF as a use-case. We demonstrate the ability to engineer patterns of ERK 

activity, cell migrations, and prolonged signaling. This work illustrates the importance of 

expanding photopatterning technologies to protein-based matrices and provides a foundation 

for the patterning of growth factors to control stem cell fates. We anticipate that the ease with 

which CPD–NBD is integrated into cell culture protocols will promote its uptake and its 

continued development will be used to unlock new ways to study developmental morphogen 

gradients and patterns. 
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3.4 – Materials & Methods 

CPD-NBD synthesis and characterization: CPD-NBD synthesis and characterization was 

done by Sophia Bailey of the Read de Alaniz group.  Details are available in the publication 

associated with this chapter and Section 5.6 of Sophia’s dissertation.  

 

ECM surface preparation and patterning: To promote ECM gel attachment, 96-well glass 

bottom plates (Cellvis, P96-1.5H-N) were first functionalized with (3-

aminopropyl)triethoxysilane (APTS) and glutaraldehyde. Under sterile conditions, each well 

was treated with 70 µL of APTS (2 vol%) in ethanol for 2 hours at room temperature then 

rinsed with ethanol followed by deionized water. Each well is then treated with 70 µL of 

glutaraldehyde (2 vol%) in deionized water for 2 hours at room temperature. The wells are 

then thoroughly rinsed with deionized water and allowed to dry before hydrogels are deposited 

in wells. 

A 1 mM stock solution of CPD–NBD (Compound 7) was prepared in anhydrous 

dimethyl sulfoxide and was stored at 4 °C. This stock solution can be stored for months without 

any observable degradation. At the time of gel preparation, working solutions of CPD–NBD 

(1-100 µM) were prepared by diluting the stock (1 mM) CPD–NBD into the working solutions 

of respective polymers. 

Matrix polymers* were diluted per manufacturers recommendations with the addition 

of CPD–NBD to desired concentrations (0– 100 µM). Immediately after mixing polymer 

solutions, 50 µL aliquots were transferred into the bottom of a functionalized 96-well plate. 

The plate was immediately centrifuged (1000 rpm) to promote even distribution of the thin 

protein gel on the bottom of the well plate. The distributed solutions were protected from light 
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and incubated at room temperature for 3 hours. Excess polymer and CPD–NBD were rinsed 

from the wells with PBS and surfaces were patterned as indicated.  

 

*Matrix polymers used: 

• Collagen Type I, Corning, PN 354249 

• Matrigel Basement Membrane Matrix, Corning, PN 354234 

• Laminin-521, Stem Cell Technologies, PN 200-0117 

• Fibronectin Bovine Protein, Gibco, PN 33010018 

 

 

CYSd Determination: 

Polymer Uniprot ID % Cysteine Plating density, µg/mL CYSd 

Fibronectin PO7589 2.5 10 25 

Collagen PO2454 1.2 50 60 

Laminin PO7924 7.1 10 71 

Matrigel** - - 100 - 

** The approximate composition of Matrigel is 60% laminin and 30% collagen VI. The remaining 10% 

is composed of enactin and trace amounts of other ECM proteins, growth factors, and peptides that 

likely significantly alter the concentration of reactive cysteines within the gel. Because of the 

heterogeneity in Matrigel’s reported composition, and large batch-to-batch variations, we did not 

calculate a CYSd for Matrigel.   

 

Hydrogels were patterned by irradiating in a bottom-up fashion through the 1.5H glass 

bottom well plate with a collimated LED (Thorlabs, M365L2-C1, 365 nm, 6 mW/cm2), or 

digital micromirror device (DMD, Dual Mightex Polygon 400) equipped with the Nikon W2 

SoRa spinning-disk confocal microscope (365 nm). DMD patterns were done through a 10X 
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objective (CFI PLAN APO LAMBDA 10X) for 10 minutes. After irradiation, PBS was 

removed from each well then maleimide containing solutions were deposited on the top of each 

gel and gently agitated to ensure complete well coverage. Surfaces were incubated with 0.1–

10 µM AlexaFluor-maleimide (Invitrogen™, A20346) or 1 µM maleimide-streptavidin 

(CellMosaic®, CM52401) for 1.5–3 hours at room temperature. Surfaces treated with 

maleimide-streptavidin were thoroughly rinsed (> 10 well volumes) with PBS before 

incubating with the appropriate biotin-bearing proteins at indicated concentrations for an 

additional 1.5 hours at room temperature. Surfaces were thoroughly rinsed before imaging or 

seeding cells.      

 

Tissue culture and viability: HeLa, HEK, and 3T3 cells were cultured at 37°C with 5% CO2 

in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum and 1% 

antibiotic (25units/mL penicillin, 25μ g/mL streptomycin, Invitrogen). Serum-depleted media 

was made by adding fetal bovine serum to 0.5%. Cells were seeded on functionalized surfaces 

at 20,000-40,000 cells/well and allowed to adhere overnight before being placed in serum-

depleted media for indicated times.  

Cell viability assessed with AlamarBlue Cell Viability Reagent (Invitrogen, 

DAL1025). Briefly, cells growing on functionalized matrices were incubated in media 

supplemented with 10% AlamarBlue solution. After an hour, 100 μL samples of media were 

taken and fluorescence signal (Ex/Em 560 nm/590 nm) was quantified with a plate reader 

(Biotek) (Figure S3.2).  
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Stem cell culture and differentiation: Experiments in hESC lines were done using the H9 

hESC line purchased from the William K. Bowes Center for Stem Cell Biology and 

Engineering at University of California, Santa Barbara. hESCs were propagated on Matrigel-

coated (Corning) tissue culture dishes in mTeSR Plus medium (Stem Cell Technologies). For 

experiments, hESCs were seeded on to laminin-coated (Stem Cell Technologies) wells of a 96-

well plate at 40,000-50,000 cells per well in the presence of ROCK inhibitor Y-27632. The 

following day ROCK inhibitor was removed, and differentiation was induced with BMP-4 

(Stem Cell Technologies, 78211) (50 ng/mL) for 48 hours. 

 

ERK-KTR analysis and distance tracking: Live-cell ERK-KTR videos were analyzed with 

hand-drawn ROIs at each timepoint. Nuclei were identified with fluorescent tags and the 

surrounding area was assumed to be the cytoplasm. Distance tracking was done using the 

TrackMate plugin in FIJI. See Figure S3.4.    

Immunofluorescence: Cells were fixed with 4% PFA for 25 minutes followed by 

permeabilization with ice cold methanol for 10 minutes. Samples were blocked with a 1% BSA 

solution and incubated overnight in the appropriate primary antibody (1:200). The following 

day samples were rinsed and incubated with Alexa-conjugated secondary antibodies (1:1000). 

Statistical analysis, image collection, and processing: All imaging was done with a Nikon W2 

SoRa spinning-disk confocal microscope. When necessary, an incubation chamber was used 

to maintain 37 °C and 5% CO2. Migration distance was tracked using the FIJI plugin 

TrackMate8 and further analyzed and plotted using custom MATLAB (R2022a) scripts. ERK-

KTR and pattern intensity were analyzed with hand-picked ROIs and processed in FIJI and 
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MATLAB with custom scripts. Comparisons were done with a two-sample t-test (‘ttest2’ 

MATLAB function) and p-values < 0.001 were deemed significant.     

Patterned molecules: 

Molecule Vendor Product # 

Alexa fluor 555 C2 Maleimide (Alexa-mal) Invitrogen A20346 

Maleimide Activated Streptavidin CellMosaic CM52401 

Biotin-4-4Fluorescein Invitrogen B10570 

BMP4 (human) recombinant, Biotinylated Aviscera Bioscience 00014-01-50B 

Epidermal Growth Factor, Biotin-XX Conjugate 

(biotin EGF) 

Invitrogen E3477 
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3.6 – Supplementary Information 

 

 

 

 

Figure S3.1. a) Representative images of patterned maleimide–Alexa Fluor 555 after irradiation (LED, 365 

nm, 10 min, 6 mW/cm2) in each protein-based matrix. b) Quantification of fluorescence as a function of 

irradiation time for each matrix. Scale bar = 100 µm. c) Fluorescence values of wild type surfaces treated 

with maleimide–Alexa reflecting cysteine–maleimide conjugation (Wild Type + Alexa) compared to CPD–

NBD functionalized surfaces from Figure 3.2 of nonirradiated background (CPD–NBD – hν + Alexa) and 

“100% Power” irradiated patterns (CPD–NBD +  hν + Alexa). All fluorescence values are corrected to 

nontreated wild type surface fluorescence.  
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Figure S3.2. a) Plots of metabolic activity of HeLa, 3T3 and HEK cells cultured in PBS or on CPD–NBD 

functionalized surfaces (0–100 µM). b) Representative images of cell morphologies of HeLa, 3T3 and HEK 

cells on each surface. c) Metabolic activity of HEK and HeLa cells after 24 hours of culture in media 

supplemented with irradiated CPD-NBD at indicated concentrations. n=4 for each condition. 
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Figure S3.3. Differentiation of hESCs on CPD-NBD functionalized laminin and non-functionalized laminin. 

SOX2 and Brachyury markers indicate cells grown on CPD-NBD treated surfaces undergo mesodermal 

differentiation (BMP4-indcued) similar to those grown on non-treated surfaces. Scale bar = 100 µm. 
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Figure S3.4. a) ERK activity is measured as the ratio of nuclear KTR to cytoplasmic KTR. * Relative activity 

is inversely related to this ratio, such that higher nuclear KTR signal represents ERK in the OFF state.  b) 

Diagram of KTR localization while ERK is in the OFF state (top) and the ON state (bottom). Each cell is 

analyzed with a nuclear and cytoplasmic ROI at each timepoint.  c) Representative image of fluorescent tag 

used to identify the nucleus (left), ERK-KTR (middle), and merged image with ROIs. 
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Figure S3.5. a) HeLa cell ERK activity and b) migration velocity on indicated surfaces. From Figure 4d, with 

additional control for deprotected CPD-NBD fibronectin (CPD-NBD, +UV). n.s. = p > 0.001. * = p<1e-5. ** 

= p<1e-10. *** = p<1e-50.    
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CHAPTER 4: Synthetic Wnt Signaling: Novel Proteins for Controlling 

the Wnt Pathway and Uses in Tissue Engineering 

4.1 – Introduction 

The Wnt/β-catenin signaling pathway is highly conserved across metazoan lineages 

and plays key roles in cellular proliferation, differentiation, and disease progression2. 

Canonical Wnt signaling is initiated when a Wnt ligand binds co-receptors Frizzled (Fz) and 

Low-density lipoprotein receptor-related proteins 6 (LRP6) on the cell surface, leading to 

glycogen synthase kinase 3 (GSK3) inhibition and subsequent intracellular accumulation of 

the central transcriptional effector, β-catenin, to drive expression of Wnt-regulated genes3. This 

process is tightly regulated during embryonic development and within fully formed organisms, 

however the large number of co-receptors (10 members of the Fz family) and Wnt ligands (19 

members of Wnt family) has made sub-type specific signaling outcomes difficult to elucidate 

while the highly-modified and lipidated nature of Wnt ligands yields further technical hurdles 

for their ex vivo production4–7. 

Wnt’s role as a fundamental mediator of cell proliferation and differentiation makes it 

unsurprising that the pathway is a target of numerous therapeutics8,9. Overactivation is 

associated with several cancers10, Alzheimer’s disease11, and type II diabetes12 while 

deficiencies hinder regenerative capacities and underly diseases such as osteoporosis13, 

vitiligo14, and neurodegeneration11. Indeed, augmenting Wnt signaling in various disease and 

injury models improves the regenerative capacities of bone8,15, intestinal 16, and dermal tissues 

17 and improves post-ischemia renal function18. Thus, there is undoubtedly growing therapeutic 

interest in Wnt’s regenerative capabilities and developing modular approaches to activate the 

pathway. 
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Given Wnt’s importance for cellular homeostasis and embryonic development, 

synthetic approaches for modulating Wnt activity have been developed to circumvent 

activating the pathway with natural ligands. The most common of these is the small molecule 

CHIR99021 (CHIR), that promotes the accumulation of β-catenin through inhibition of 

GSK319,20. GSK3 interactions, however, are promiscuous and influence pathways like insulin 

signaling21, AKT22, and hedgehog23, which drives non-specific outcomes. Genetically encoded 

approaches offer dynamic control over pathway activation through light or chemically-induced 

receptor dimerization, but their widespread use is limited by the need to create stably-modified 

cell lines24,25. More recently, synthetic ligands comprised of Fz- and LRP6- binding domains 

have proven to be viable Wnt agonists and demonstrate improved solubility and manufacturing 

capabilities compared to the heavily lipidated natural Wnt ligands15,26–29.Additionally, the 

modular design of these synthetic Wnts allows them to be targeted to specific receptor sub-

types and control receptor valency, thus offering ways to study how receptor sub-types 

influence tissue development27,28,30. Furthermore, synthetic ligands have demonstrated 

regenerative potential by prolonging the lifespan of in vitro organoids. While such synthetic 

ligands are a promising step for utilizing the regenerative capacity of Wnt signaling, receptor 

engagement is still dependent on post-translationally modified domains thus limiting their 

production to eukaryotic systems.  

Here we present a novel synthetic Wnt ligand (Wnt Barbell) that can be purified at high 

concentrations from simple bacterial expression systems. The bivalent molecule potently 

stimulates the canonical Wnt pathway by inducing proximity of Fz and LRP6 and is subject to 

regulation by the natural Wnt modulators Dickkopf-related protein 1 (Dkk1) and R-spondin 

(Rspo1). We demonstrate that The Barbell induces mesoderm in human stem cell populations 
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and can be used to further derive cardiac tissue and enhance osteogenic differentiation of 

mesenchymal stem cells. Overall, this work adds a novel molecule to the toolbox of synthetic 

Wnt modulators and holds promise for use in engineering Wnt signaling for regenerative 

purposes. 

 

4.2 – Results 

4.2.1 Wnt Barbell Design 

Akin to other synthetic Wnts, we reasoned that inducing receptor proximity with a 

bivalent molecule targeting the extracellular domains (ECDs) of Fz and LRP6 would mimic 

the function of endogenous Wnt ligands to activate signaling (Figure 4.1 a). Furthermore, we 

wanted to make the Barbell amenable to bacterial expression to facilitate production and 

increase yield in comparison to eukaryotic expression systems. Thus we chose to construct the 

Wnt Barbell with an LRP6-specific nanobody (D07)31 and a Frizzled cysteine-rich domain (Fz-

CRD) synthetic binder Designed Repeat Protein Binder Fz-7/8 (DRPB-7/8))32 separated by a 

10 amino acid GS linker (Figure 4.1 b, Figure S4.1). 

The Wnt antagonist Dkk1 is commonly utilized as an LRP6-binder in synthetic Wnts28, 

however glycosylation sites on Dkk-1 hinder its proper expression in bacteria 33 and require 

lower-yield eukaryotic expression systems. Alternatively, the compact and stable nature of 

nanobodies allows them to be easily purified from simple bacterial expression systems. D07 

shares a binding site with the C-terminus of Dkk1 (Dkk1_C) on the PE3 domain of LRP6 and 

binds the receptor with two-fold the affinity (D07-30nM, Dkk1_C-67nM)31,34.  

DRPB-7/8 is a Fz-targeted DARPin (Designed Ankyrin Repeat Protein) that is 

amenable to bacterial expression. It’s high specificity and affinity toward the Fz-CRD has been 
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effectively utilized in the construction of previous synthetic Wnts as a fusion with Dkk1_C28,32. 

As expected, bacterial expression (100mL) of the Barbell resulted in high levels of soluble 

protein that could be routinely purified for future use (Figure S4.2 a). 

 

4.2.2 Barbell is Potent Activator of Wnt Pathway 

The heterofunctional design of the Barbell suggests it will simultaneously interact with 

LRP6 and Fz to drive heterodimerization, however we wanted to experimentally verify that 

Barbells form a Fz:Barbell:LRP6 complex. Mass photometry readings of the individual species 

(LRP6, Barbell, or Fz) show clear peaks corresponding to each protein’s respective molecular 

weight (Figure 4.1 c – black, grey, red). The Fz-CRD appeared to exist as a dimer (~90kDa), 

however this aligns with previously reported structural studies for the Fz-CRD35,36. 

Nonetheless, when the species were observed in the same solution, a new high-molecular 

weight peak was observed, suggesting that a the Wnt Barbell mediated the formation of a 

complex containing LRP6, Barbell, and Fz-CRD (Figure 4.1 c – blue). Following 

confirmation that Barbells induce proximity between LRP6 and Fz, we wanted to test their 

ability to activate Wnt signaling. We used a HEK293T cell line expressing endogenously 

tagged β-catenin (tdmRuby3) and a translational reporter under the control of seven TCF/LEF 

sites (miRFP) (HEK:bCat_miRFP-TF) to monitor nuclear β-catenin accumulation and 

translational activity across a broad range of Barbell concentrations. 

  After 24 hours of treatment the Barbell induced beta-catenin accumulation and 

translation of beta-catenin-regulated genes, as noted by elevated levels of nuclear beta-catenin 

and miRFP (Figure 4.1 d,e, Figure S4.2 d). These characteristic Wnt responses were observed  
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Figure 4.1 a) Simplified diagram of Wnt pathway activation. b) Wnt Barbell fusion protein (top) and 

structure of Wnt Barbell generated from RoseTTAFold. c) Mass distribution for Wnt Barbell (red), Fz-

CRD (grey), LRP6 (black), and Fz-CRD:Barbell:LRP6 binding complex (blue). d) Representative 

images of β-catenin and mIRFP accumulation following 24 hours of Barbell treatment at indicated 

concentrations. Scale bar = 100μm. e) Quantification of translational activity (miRFP) across all tested 

Barbell concentrations. f) Changes in Barbell- (1 nM) and CHIR- (10 µM) induced Wnt activity in the 

presence of Dkk-1 or Rspo-1. Responses are normalized to unmodified response level for the respective 

agonist (-Dkk-1, -Rspo-1). 



 

 71 

over a wide concentration of treatments and were completely abrogated in co-treatments of 

non-fused DRPB-7/8 and D07 (Figure S4.2 e). 

Given that the Barbell initiates signaling at the receptor-level, unlike small molecules 

with intracellular targets 19, we reasoned that Barbell-induced signaling would be regulated by 

naturally secreted Wnt modulators. We tested the Barbell’s activity (1nM) in the presence of 

Dkk1 (100ng/mL) and Rspo-1 (10nM), which interact with extracellular domains of LRP6 to 

negatively and positively regulate Wnt signaling, respectively34,37. As expected, Dkk1 

attenuated signaling induced by the Barbell affect CHIR-induced signaling (10 µM). Likewise, 

Wnt signaling was strongly potentiated in the presence of the Barbell with Rspo-1 but not 

CHIR with Rspo-1 (Figure 4.1 f). 

 

4.2.3 Barbell Induces Mesoderm Fate in Human Stem Cells 

 Wnt signaling is essential for mesoderm formation during early embryonic 

development and serves as a precursor for the formation of specific cell types and tissues 38, 

thus we chose to test the Barbell’s ability to induce mesoderm in human embryonic stem cells 

(hESC). Mesoderm commitment is marked by the upregulation of mesoderm-specific 

transcription factors, such as brachyury (BRA), and the downregulation of neural-specific 

markers, like SRY-Box transcription factor 2 (SOX2) 39,40. Immunofluorescence staining 

following a 48-hour differentiation with the Barbell revealed a pronounced increase in BRA 

expression at intermediate concentrations (0.1-10 nM). In alignment with our observations in 

HEK293T cells, we noted a decrease in the Wnt response at elevated concentrations, as BRA 

expression steadily declined with treatments above 10 nM (Figure 4.2 a,b – top). Interestingly, 

Barbell treatments that induced peak BRA expression had little effect on SOX2 levels, 
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however saturating Barbell concentrations (>10 nM) increased SOX2 expression (Figure 4.2 

a,b – middle). This likely reflects the antagonistic relationship between BRA and SOX2 and 

may suggest the emergence of ectoderm fate through Wnt downregulation, however additional 

genetic markers are needed to confirm this 40,41. As our primary focus is understanding the 

Barbell’s effectiveness at inducing mesoderm, we calculated the BRA-toSOX2 ratio of 

individual cells and discovered that a 1nM treatment is the strongest inducer of mesoderm 

(Figure 4.2 a,b - bottom). Indeed, this complements our observations in HEK293T cells and 

highlights the Barbell’s Wnt agonism across cell types. 

 To corroborate the immunofluorescence data, we monitored the levels of several 

genetic markers using qPCR. Barbell treatments (1nM) upregulated mesoderm markers TBXT, 

EOMES, GSC, MIXL1, and HAND1 while also downregulating pluripotency markers OCT4, 

SOX2, and NANOG to a similar degree as CHIR (Figure 4.2 c). 

The changes in cellular fate markers strongly suggest that the Barbell drives mesoderm 

differentiation, however we wanted to further demonstrate that Barbell-differentiated 

mesoderm undergoes the epithelial-to-mesenchymal transition (EMT) that is characteristic of 

gastrulation42. We plated hESCs on 500µm patterns and measured cellular outgrowth over 3 

days of treatment as a proxy for EMT. By day 2, outgrowth spiked to 800-1000µm in both 

Barbell- and CHIR- treated colonies and receded by day 3 (Figure 4.2 d). Overall, Barbell-

induced EMT mimics that of CHIR in both magnitude and time and confirms that The Barbell 

induces both the molecular markers and tissue-level phenotypes associated with Wnt-mediated 

mesoderm differentiation.  
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Figure 4.2 a) Immunofluorescence quantification of BRA and SOX2 expression following a 2-day 

differentiation with Wnt Barbell at indicated concentrations. Values are normalized to undifferentiated 

control (top, middle rows). Single cell ratios of BRA-to-SOX2 (bottom row). b) Representative images 

of BRA and SOX2 expression after 2-day differentiation. Scale bar = 100µm. c) qPCR results for 

mesoderm and pluripotency genetic markers. hESCs were differentiated to mesoderm using Wnt Barbell 

(red, 1 nM) or CHIR (grey, 6 µM) as the Wnt agonist. d) Representative images of hESC colonies during 

EMT. Red lines represent edge of cellular outgrowth. Scale bar = 500µm (top). Quantification of EMT 

outgrowth over 3 days of mesoderm differentiation using Wnt Barbell (red, dark red) or CHIR (black).     
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4.2.4 Barbell Supports Tissue-Specific Stem Cell Differentiations 

 The Wnt pathway is an attractive target for regenerative tissue therapies, and our 

demonstration of mesoderm induction from hESC populations solidifies the Barbell as a novel 

Wnt modulator for human stem cells. Wnt agonism has been shown to increase bone regrowth 

in vivo and promote the progression of mesenchymal stem cells toward osteogenic lineages 

through the stabilization of β-catenin15,43. Therefore, we reasoned that the Wnt Barbell will 

increase β-catenin levels in human mesenchymal stem cells (hMSCs) during osteogenic 

differentiations and lead to increased expression of osteo-specific markers compared to non-

supplemented differentiation conditions (induction media). We supplemented osteogenic 

induction media (L-ascorbic acid, β-glycerophosphate, dexamethasone) (IM) with CHIR 

(1μM) or Barbell (1nM) and allowed hMSCs to differentiate for 14 days (Figure 4.3 a). 

Following the 14-day differentiation, Alizarin red staining showed no qualitative difference in 

mineral deposition across induction conditions, however all inductions conditions clearly 

induced mineral deposition compared to the basal media (BM) control (Figure 4.3 b). Closer 

inspection revealed that cellular β-catenin levels were upregulated in osteocytes differentiated 

with Barbell- or CHIR-supplemented media (Figure 4.3 c), and qPCR confirmed the 

upregulation of osteo-specific markers ALP, Col1a1, RUNX2, and Osteocalcin in these 

conditions (Figure 4.3 d). Taken together, this suggests Barbell-induced Wnt agonism may be 

a potential mechanism to increase efficiency of hMSC osteogenic differentiations. 

Cardiomyocytes (CMs) can be derived from hESCs given the appropriate temporal 

activation of Wnt signaling, thus we were curious if our Barbell-derived mesoderm could be 

further specified into functional CMs. We plated hESCs on 500µm patterns and followed an  
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Figure 4.3 a) Differentiation protocol to generate hMSC-derived osteocytes. b) Calcium mineral 

deposition (Alizarin red stain) after 14 days of differentiation in indicated media condition. c) Cellular β-

catenin levels on Day 14. d) qPCR results for osteo-specific markers ALP, Col1a1, RUNX2, and 

Osteocalcin on Day 14. Expression levels are normalized to Day 0 values. 
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established CM differentiation protocol, using 1 nM Wnt Barbell in place of the recommended 

Wnt agonist CHIR (Figure 4.4 a)44. By day 8, Barbell-differentiated colonies had robust 

expression of the cardiac-specific transcription factor Nkx2.5 and its localization at colony 

edges mimicked that of the CHIR control (Figure 4.4 b). Nkx2.5 expression remained elevated 

through day 15 at which point we used qPCR to confirm the expression of additional cardiac-

specific markers. Indeed, Barbell-treated colonies strongly expressed several structural and 

regulatory genes associated with myocardium development, including SERCA, cardiac 

troponin T (cTNT), myosin heavy chains 6 and 7 (MyH6/7), and myosin light chain 2 (MyL2) 

(Figure 4.4 c).  

We also noted several CM patterns spontaneously contracting, a hallmark of CM 

differentiation. To better understand the calcium handling of our Barbell-derived cardiac tissue 

we tracked the calcium kinetics of day 15 CMs using Rhod-4AM. The calcium transient 

frequency and shape of Barbell-derived CMs closely resembled that of the CHIR-derived 

tissue(Figure 4.4 d). Furthermore, the calcium transient time-to-peak and decay times (50% 

and 90%) were similar for both differentiation conditions (Figure S4.3), confirming Barbell-

mediated differentiation is sufficient to produce functional embryonic stem cell-derived 

cardiac tissue. 

Specific hallmarks of stem cell-derived CM maturation are still incompletely 

established45, although the emergence of sarcomere banding is generally regarded as a shift 

toward maturity and observed roughly a month after the start of the differentiation process46. 

To confirm that Barbell-differentiated cardiac tissue demonstrates the ultrastructural 

organization indicative of myocyte maturation we compared the expression and localization of 

troponin I1 (TNNI1) of Barbell- and CHIR-derived CM patterns on Day 30 using an induced  
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Figure 4.4 a) hESC cardiac differentiation protocol adapted from Lian et al. 2012. b) Expression of cardiac-

specific transcription factor NKX2.5 at days 8 and 15 of differentiation. Scale bar = 250µm. c) qPCR results 

of cardiac-specific structural genes and transcription factors. Values are normalized to Day 0 expression 

levels and represented as fold change from Day 0. d) Calcium flux over 10 seconds in Barbell- and CHIR-

derived cardiomyocyte patterns. e) TNNI1 expression in cardiac micropatterns at day 30 (left). Scale bar = 

250µm. 100X images of TNNI1 alignment (middle) and zoomed representation of sarcomere banding 

(right). Scale bars = 20µm and 5µm. 
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pluripotent stem cell (iPSC) line with endogenously labeled TNNI1 (Allen cell line AICS-

0037). We were pleased to not only see strong TNNI1expression in Barbell-treated colonies 

(Figure 4.4 e - left), but also pronounced banding when imaged at high magnifications (Figure 

4.4 e - right). Thus, we can confidently conclude that CM differentiation with the Wnt Barbell 

results in cardiac tissue matching the established genetic, structural, and functional aspects of 

stem cell-derived cardiomyocytes. 

 

4.3 – Discussion 

The Wnt/β-catenin pathway is a pivotal regulator of cellular proliferation, stem cell 

differentiation, and tissue homeostasis, making it an attractive target for therapeutic regulation 

and tissue regeneration. Here we present a novel synthetic Wnt ligand, the Wnt Barbell, that 

functions by heterodimerizing Wnt coreceptors LRP6 and Fz for precisely controlled Wnt 

signaling. We use the Barbell to differentiate mesoderm from both embryonic and induced 

stem cells, and further highlight its broad applications for tissue engineering by improving 

osteoblast differentiations from hMSCs and deriving functional CMs from hESC and iPSC 

populations. 

 The inimitable biochemical nature of Wnt ligands4,6, along with Wnt’s crucial role in 

development and disease10,20, has fueled a growing interest in synthetic approaches to precisely 

and specifically modulate Wnt signaling. The most widely used is a small molecule inhibitor 

of GSK-3 (CHIR), however several signaling cascades converge on GSK-3 so its inhibition 

influences numerous parallel pathways47. To more closely recapitulate natural pathway 

activation, groups have utilized bi-specific synthetic protein ligands that induce proximity of 

LRP6 and Fz on the cell surface to initiate signaling. The modular design of these synthetic 
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proteins has allowed researchers to address outstanding questions related to the role of Fz 

pleiotropy in tissue development and stoichiometric requirements of LRP6/Fz complexes to 

stimulate signaling48. Interestingly, the stoichiometric requirements for signaling vary across 

synthetic Wnt versions, such that bivalent heterodimerization may28,29 or may not27,30 be 

sufficient for signal induction, with other examples suggesting signal strength increases with 

increased valency26. While these inconsistencies are likely a result of geometric constraints 

within ligand-induced LRP6/Fz complexes, the growing family of synthetic Wnt agonists 

nonetheless offers an attractive approach for precisely modulating Wnt signaling due to their 

ease of production, superior stability, and modular nature.  

Our Wnt Barbell leverages a bi-valent design composed of two compact and highly-

specific binders of LRP6 and Fz, D07 and DRPB-7/8, allowing for the Wnt Barbell to be the 

first synthetic Wnt to be produced from bacterial expression systems. We demonstrate that 

Wnt activity can be tuned with Barbell concentration and that Barbell-induced signaling is 

subject to receptor-level regulation, unlike small molecule agonists with intracellular targets. 

When applied to human embryonic stem cells, the Barbell upregulates canonical mesoderm 

markers and induces EMT. While the majority of the mesoderm-indicative genes showed 

similar levels of upregulation in both Barbell and CHIR treatments, eomesodermin (EOMES) 

was expressed roughly 4x stronger in Barbell-derived mesoderm than its CHIR-derived 

counterpart (Figure 4.2 c). Controlled expression of EOMES revealed it induces Wnt signaling 

to form a self-sustaining signaling network during cardiac mesoderm induction that is essential 

for cardiac specification49. While the specific relationship between EOMES and Wnt signaling 

falls outside of the scope of this paper, the observed differences in expression level are likely 

an outcome of the different mechanisms used to activate the Wnt pathway. Indeed, we are 
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pursuing this observation by gathering a more complete representation of cellular responses to 

CHIR- and Barbell-induced Wnt signaling with bulk RNA-sequencing of mesoderm and 

cardiac tissues. Nonetheless, when used as a Wnt agonist in established differentiation 

protocols, the Barbell generates functional stem cell-derived cardiomyocytes and improves the 

efficiency of osteocyte differentiations. Moreover, the strong Wnt response elicited by the 

Barbell, in conjunction with our demonstrated applications of tissue-specific differentiations, 

supports the narrative that LRP6/Fz heterodimerization is sufficient for Wnt responses at the 

cellular and tissue levels. 

In conclusion we present a novel Wnt agonist that can be easily produced from basic 

expression systems and serve as a potent and tunable Wnt pathway stimulant across cellular 

contexts. The Barbell acts as a simplified and streamlined addition to the expanding toolkit for 

synthetic Wnt modulation and tissue engineering. We envision the Wnt Barbell, and its future 

iterations, will be useful in further dissecting the regulatory role of Wnt signaling in stem cell 

biology and developing Wnt-based therapeutics. 

 

4.4 – Ongoing & Future Directions 

 The Wnt Barbell is the first reported synthetic Wnt ligand to be produced in bacterial 

systems. Bacterial expression of recombinant proteins is far simpler, cheaper, and quicker than 

expression in eukaryotic systems, thus the Wnt Barbell is highly amenable to design alterations 

to enhance our understanding and control of the Wnt pathway. While the tissue-specific uses 

highlighted in Chapter 4.1-4.3 expand upon the number of approaches for synthetically 

controlling the Wnt pathway and demonstrate applications for Barbell-induced Wnt signaling, 

the Barbell can be further envisioned as a tailorable platform for engineering Wnt signaling. 



 

 81 

The following sections highlight initial progress on novel “arms” of the Barbell platform. 

These sections explore how disordered domains affect the signaling capabilities of the Barbell 

and the design of a light-inducible Wnt Barbell. 
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Figure 4.5 The Wnt Barbell’s ability to stimulate Wnt activity across cell types, amenability to design 

perturbations, and simple expression system makes it an attractive platform for studying receptor-level Wnt 

signaling and engineering novel approaches for Wnt activation. Thus far, this chapter has confirmed the 

Barbell sufficiently activates Wnt signaling in a variety of cell types and can be used in tissue-specific 

differentiation protocols (bottom). Ongoing work is exploring how the addition low-complexity, condensate-

forming domains to the Barbell influence Wnt pathway activity (top right) and engineering light-inducible 

binding of the Barbell to its target receptors (top right).  
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4.4.1 Disordered Domains Alter Signaling Potency 

 Our heterodimeric Barbell (GS Barbell) potently activated Wnt signaling across cell 

types, however an increase in receptor valency has been associated with an increase in signal 

potency for certain reported synthetic Wnt ligands 26,27,30, and the progression of heterodimeric 

signalosomes to higher-order oligomers has been proposed as a natural mechanism for Wnt 

signal potentiation50. While the exact relationship between receptor (LRP6/Fz) 

multimerization and signaling capability is incompletely understood, we were curious how 

altering the biophysical properties of the Wnt Barbell to promote receptor oligomerization, as 

opposed to heterodimerization, would change the Wnt response. Fused in sarcoma (FUS) 

domains are highly disordered sequences that undergo phase separation to form liquid-like 

droplets at physiological salt and pH conditions51, thus the addition of FUS domains to the Wnt 

Barbell should drive higher-order receptor multimerization and further potentiate Wnt activity 

(Figure 4.6 a). 

To make FUS Barbells, increasing lengths of the low complexity FUS domain (52, 114, 

and 214 amino acids) were added in place of the GS linker or at the C-terminus of the protein 

(Figure 4.6 b) and purified from the soluble fraction of bacterial lysates (Figure S4.4 a). As 

in Section 4.2.2, we treated HEK:bCat_miRFP-TF cells with FUS Barbells to track their Wnt 

activity. Following 24 hours of treatment, the miRFP translational reporter revealed stark 

differences in Wnt responses across different FUS Barbells. All FUS Barbells, excluding FUS-

52, appeared to stimulate Wnt signaling over a wider concentration range than the GS Barbell, 

although the potency of the response was dependent on the location of FUS within the Barbell. 

Barbells with a FUS linker between D07 and DRPB-7/8 had significantly decreased signaling 

potency than those with the binding domains separated by the far shorter GS linker. However, 
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moving the FUS domain to the C-terminus of the construct (C-FUS) resulted in the highest 

Wnt activity, which occurred at a 10-fold higher concentration than that of the GS Barbell 

(Figure 4.6 c,d).  

We believed the increased receptor proximity induced by Barbells with the short GS 

linker resulted in the higher Wnt activity, and that additional oligomerization driven by the 

FUS domain of the C-FUS Barbell further potentiated the signal. To observe the increased 

signalosome size, we treated cells with 10 nM GS or C-FUS Barbells for 15 minutes and 

stained for Frizzled-5 and Frizzled-7. Unfortunately, Fz appeared to be mostly internalized at 

this timepoint and the resolution of our microscope did not allow for the quantification of 

internalized puncta. Thus, we are unable to conclude that C-FUS Barbells elicit their 

potentiated Wnt response through receptor oligomerization (Figure S4.4 b). 

However, the staining did show Frizzled-5 on the membrane in CHIR and control 

(DMEM media only) conditions, although this seemed to represent only a small fraction of the 

total Fz (Figure S4.4 b – pink arrows). There was no noticeable membrane-bound Fz in either 

Barbell condition, suggesting that Barbell-induced signalosomes had already been 

internalized. Rapid internalization of Wnt signalosomes (10-120 minutes) is widely observed 

and believed to be a mechanism for positive and negative regulation of signal strenght52,53. We 

also noted the presence of large endosome-like structures (several hundred to 3000 nm in 

diameter) in Wnt-stimulated conditions (Figure S4.4 b – green arrows); endosomes are 

believed to play a crucial role in Wnt signal maintenance by sequestering GSK3 to promote 

stabilization of β-catenin52,54,55. Interestingly, there were far more endosome-like structures in 

Barbell conditions (GS and C-FUS) than CHIR, possibly highlighting a mechanistic difference 

between receptor-level- and small molecule-based approaches for Wnt stimulation. 
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Indeed, ongoing work is focused on understanding differences in how heterodimer-

inducing (GS Barbell) and oligomer-inducing (FUS) Barbells interact with receptors on the 

cell surface and how those interactions contribute to the Wnt response. Professor Rick Baker, 

at UNC Chapel Hill, is using mass photometry to understand how different Barbells influence 

signalosome stoichiometry. Surrena Pecchia (Wilson lab member) is using a proximity 

labeling approach to uncover the role of signalosome stoichiometry in dictating protein-protein 

interactions at both the receptor- and cytoplasmic- levels of Wnt signaling. Furthermore, 

immediate work is being done to visualize GS Barbell- and C-FUS Barbell- induced 

signalosomes using high-resolution microscopy.  
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Figure 4.6 a) Schematic demonstrating hypothesis that receptor oligomerization further potentiates Wnt 

signaling. b) FUS Barbells. c) Representative images of Wnt translational response resulting from treatment 

with FUS Barbells. Scale bar = 50 µm. d) Quantification of translational response, shown as average mIRFP 

signal for all cells.  
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4.4.2 Light-responsive Barbell 

 Gradients and temporal pulses of Wnt activity across developing tissues result in 

concentration-dependent Wnt responses that induce differential gene expression to shape tissue 

patterns56. Optogenetic approaches for controlling Wnt activity, that allow for precise 

spatiotemporal pathway activation, have shed light on the role Wnt dynamics play in 

orchestrating these critical developmental processes57,58, however the utilization of optogenetic 

control is traditionally limited to genetically modified cell types. We reasoned that a Wnt 

Barbell capable of reversibly binding LRP6 and Fz in a light-dependent fashion would allow 

for spatiotemporally defined Wnt signaling without genetically altering the cell type in use.  

 Previously published works demonstrated that nanobody binding can be light-

controlled through the insertion of a photoswitchable light-oxygen-voltage (LOV) domain in 

solvent exposed loops59. LOV domains undergo conformational changes upon illumination, 

thus they are capable of allosterically altering complementarity-determining regions (CDRs) 

of nanobodies in a light-dependent fashion. We reasoned that a similar approach could be 

applied to the D07 nanobody, that serves as the LRP6 binder in the Wnt Barbell, to achieve 

light-dependent Wnt signaling. 

 To generate light-responsive Barbells (LOV Barbell) we used the published structure 

of D07 to identify surface-exposed loops as candidates for LOV-insertion31. G16, V65, and 

A76 were identified as potential insertion sides due to their location within the flexible surface-

exposed loops flanking the β sheets of the nanobody’s frame (Figure 4.7 a,b). 

HEK:bCat_miRFP-TF cells were treated with purified LOV Barbells and illuminated (40s:20s 

ON:OFF, 450nm) or kept in the dark for 24 hours before measuring translational activity. The 

G16 and A76 insertions resulted in no Wnt response, irrespective of illumination conditions, 
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implying that the inserted LOV domain severely disrupted D07’s interaction with LRP6. LOV 

insertion at V65 showed a slight increase in Wnt activity when illuminated, suggesting the 

LOV conformational change slightly increased the affinity of LOV-inserted D07 toward LRP6 

(Figure 4.7 c). 

Since LOV domains undergo their respective conformational changes on the order of 

seconds60, the 40s:20s ON:OFF pulse used to screen the insertion sites may not have been 

optimal for persistent D07-LRP6 binding. An illumination screen using the V65-LOV Barbell 

revealed constant light induces the largest dynamic range of dark-to-light Wnt activity (Figure 

4.7 d). Rspo-1, shown earlier to potentiate Barbell-mediated Wnt activity (Figure 4.1 f), 

expanded the dynamic range of the system by significantly increasing Wnt activity when 

illuminated, however also increased dark-state Wnt activity (Figure 4.7 e). This is likely a 

result of Rspo-1’s stabilizing effect on surface-localized LRP661, nonetheless illumination 

resulted in a 9% increase in Wnt responsive cells. 

Taken together, these experiments suggest LOV Barbells may be a promising approach 

for dynamic control of Wnt activity in genetically unmodified cell types. Further optimization 

of the LOV Barbells should be targeted at expanding the dynamic range of their 

responsiveness, either by improving lit-state activity or decreasing dark-state activity in the 

presence of Rspo-1. Zhu et al, 2023 improved to dynamic range of a LOV-modified 

transcription factor by flanking the insertion with short (2-4 amino acid) to mediate 

conformational changes62, indeed this approach may also prove effective in our D07 nanobody. 

  



 

 89 

 

 

 

 

 

 

Figure 4.7 a) Location of LOV insertion sites within D07 and the Wnt Barbell. b) Structural representation 

of LOV insertion sites in surface-exposed loops of D07. c) Wnt activity of LOV Barbells following 24 

hours of incubation in dark or light conditions. d) Effect of increasing illumination pulses on V65-LOV 

Barbell in normal media conditions and e) Rspo-1 supplemented conditions (10nM). Pulses (seconds, 

ON:OFF): constant, 50:10, 40:20, 30:30, 20:40. 
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4.5 – Materials & Methods 

Plasmid construction, protein expression, and purification: All constructs for purification 

were cloned into a pBAD expression vector, containing a C-terminal HIS tag separated by a 

GGSGG linker, with Gibson Assembly. Sequences for D07 and DRPB-7/8 were obtained from 

published works31,32 and purchased as gBlocks (Integrated DNA Technologies). Positively 

sequenced expression vectors were transformed into T7 Express E. coli (NEB) and stored as 

glycerol stocks for expressions. Amino acid sequences can be found in Table S4.1. 

 Proteins were expressed in 100mL cultures of Terrific Broth (TB, IBI Scientific 

IB49140) for 4-6 hours of induction. Briefly, overnight cultures grown in TB (+Amp) were 

used to inoculate 100mL of media to OD600 0.01, and grown at 37°C while shaking. At OD600 

0.2-0.4, cultures were induced with 3.33mM arabinose and grown at room temperature for 4-

6 hours while shaking. After expression, cultures were pelleted and stored at -80°C until 

purification. 

 To purify proteins, frozen pellets were thawed and resuspended in Base Buffer 

(12.5mM Tris-Cl, 300mM NaCl, 2.5mM imidazole, 1mM MgOAc, 0.05% Tween-20, pH 8.1. 

**500mM NaCl was used for FUS-containing constructs) supplemented with 0.5mg/mL 

lysozyme (Sigma, L6876) and protease inhibitor cocktail (Sigma, P8849) and incubated for 30 

minutes on ice. Solutions were then sonicated (15 seconds ON : 45 second OFF) for a total of 

3 minutes and clarified by centrifuging (7000g, 30 minutes). Ni-IMAC resin (Thermo, 

A50584) was added to the soluble fraction and collected resin was washed 3 times (Base Buffer 

+ 25mM imidazole) before eluting proteins (Base Buffer + 250mM imidazole). Elutions were 

concentrated with Pierce Concentrators (Thermo, 88513), diluted to 10µM with Base Buffer 

(+ 5% glycerol), aliquoted, and frozen for future use.  
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Mass photometry:  All measurements were taken on a Refeyn One Mass Photometer with 

AcquireMP software and analyzed using DiscoverMP software (all from Refeyn Ltd, Oxford, 

UK) according to previously established protocols. Briefly, imaging coverslips were bath 

sonicated in 50% isopropanol for 15 minutes and subsequently in ultra-pure H2O for 5 minutes. 

Coverslips were dried using a stream of filtered air and imaging wells were made by applying 

adhesive four-well gaskets (Thor Labs). Prior to imaging, 10 μL of binding buffer was added 

to the imaging well to determine the imaging plane using an internal autofocusing 

system. 10 μL of sample was added to the imaging buffer, resulting in a final volume of 20 μL 

and a sample concentration between 5-40 nM. Dilution factors were determined empirically 

for each sample to ensure that landing rates and total signal were within manufacturers 

specifications. Measurements were acquired for 1 minute at a frame rate of 100 fps. All 

samples were in a buffer containing 20 mM HEPES, pH 7.6, 100 mM NaCl, 1 mM DTT. For 

runs containing binding partners, proteins were mixed at a 1:1 molar ratio and allowed to 

equilibrate for at least 30 minutes at room temperature before data collection. 

 

HEK cell culture: Human 293T cells were cultured at 37°C and 5% CO2 in Dulbecco’s 

Modified Eagle Medium supplemented with 10% fetal bovine serum (Atlas Biologicals, F-

0500-D) and 1% penicillin-streptomycin. The HEK:bCat_miRFP-TF cell line was generated 

from a modified version Addgene plasmid #1245663. Details on its construction can be found 

in Lach et al. 202264. To test Barbell-induced responses, cells were plated on glass culture 

plates (Cellvis #P96-1.5H-N) coated with bovine fibronectin (Sigma #F1141) and allowed to 

adhere overnight. The following day, cells were treated with Barbell-supplemented media, at 

indicated concentrations, and cultured for 24 hours before monitoring responses.  
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 For experiments using Dkk1 (R&D Systems, #BT54391CF) and Rspo-1 (PeproTech, 

#120-38), Barbell-supplemented media was additionally supplemented with 100ng/mL of 

Dkk1 or 10nM Rspo-1. Responses were monitored after 24 hours.   

 

Protein structure schematics: Protein structures for the D07-LRP6 and DRPB-Fz-CRD 

interactions were found on RCSB PDB (6NDZ and 6H16). The structure for the Wnt Barbell 

was generated using RoseTTAfold. The D07 and DRPB domains of the Wnt Barbell were 

aligned with their corresponding structures in the respective PDB files using the ‘Align’ 

function in Pymol.  

 

Micropatterning: For all micropatterning experiments PDMS stamps with circular 0.5 mm 

diameter features were used and fabricated according to Karzbrun et. al. 202165. Micropattern 

formation was carried out by first incubating the PDMS stamps with 1% hESC qualified 

Matrigel® (Corning) in DMEM/F12, (Gibco) overnight at 4°C. Followed by stamping the 

PDMS stamps onto 12-well  #1.5 plastic like glass cell culture plates (Cellvis) using a costume 

made stamp holder. 

 

Mesoderm and cardiomyocyte differentiation: For mesoderm and cardiac differentiations, 

approximately 0.3 × 106 H9 NKX2.5–eGFP, H9 Wild Type, or IPSC TNNT1-eGFP cells were 

seeded per well of a micropatterned well in 0.5 ml mTeSR plus medium containing 10 µM Y-

27632 (StemCell technologies) on D-2 (mesoderm differentiation for immunofluorescence 

was done on non-patterned Matrigel treated surfaces of a 96-well plate [Cellvis #P96-1.5H-

N]). Medium was exchanged on D-1 with mTeSR plus + P/S. Differentiation of cells was 
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induced on D0 using either CHIR99021 at 6 µM or Wnt Barbell at 10, 1 or 0.1 nM in 2 ml 

RPMI + B27-insulin + P/S. After 48 h (D2) the experiment was either stopped and further 

analyzed for mesoderm differentiation or continued for cardiac differentiation. If continued the 

medium was exchanged by 2 ml RPMI + B27-insulin + P/S. On D3, C59 was added at 2 µM 

in 2 ml RPMI + B27-insulin + P/S. for 48 h. On D5, the medium was exchanged by 2 ml RPMI 

+ B27-insulin + P/S. From D7 onwards, cells were kept in 2 ml RPMI + B27+insulin + P/S 

per well and the media was exchanged every other day. 

 

Immunofluorescence: Cells were fixed with PFA (4%, 25 minutes at 4°C) and permeabilized 

with glacial ethanol for 90 seconds, then blocked with 3% BSA in PBST for 45 minutes at 

room temperature. Primary antibody incubations were done overnight at 4°C in PBST+ 3% 

BSA. Primary antibodies: Rabbit α-SOX2 (Cell Signaling Technology, #3579). Goat α-

Brachyury (R&D Systems, #AF2085) Secondary incubations (PBST+ 3% BSA, +DAPI) were 

done for 30 minutes at room temperature and thoroughly rinsed before imaging. Secondary 

antibodies: Alexa Fluor 633 α-goat (Invitrogen, #A21070). Alexa Fluor 488 α-rabbit 

(Invitrogen, #A21206). 

 

EMT quantification: For the EMT analysis Nkx2.5 cells (~0.3 × 10^6/12xWell) were seeded 

on 0.5 mm circular micropatterns in 12x12-wells  #1.5 plastic like glass cell culture plate 

(Cellvis) and cultured as described previously. At D0 of differentiation 10 representative 

micropatterns per condition were selected and imaged daily using olympus ax70 microscope 

equipped with an Infinity2 camera at 4x magnification. Images were further analyzed using a 

custom Matlab script (EMT_analyzer_v4, R2022b) which can be found on Github 
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(https://github.com/TerDiv4/WNT-Barbell-Paper). Three biological replicates with 10 

technical replicates per condition were used for the full analysis. 

  

Calcium imaging: For calcium imaging, the Rhod-4 Calcium Assay Kit (Abcam) was used. 

Rhod-4 dye-loading solution was prepared according to the manufacturer’s instructions. Cell 

cultures were incubated in Rhod-4 dye-loading solution in RPMI + B27+insulin + P/S for 

20min in standard environments consisting of 5% carbon dioxide at 37°C. Afterwards, the cell 

cultures were washed 3x5 min with RPMI + B27+insulin + P/S and incubated for 45 min. The 

calcium flux was imaged using a Zeiss Axio Observer 7 inverted microscope equipped with a 

high speed/resolution camera (Photometrics Prime 95b). Images were further measured in FIJI 

using hand drawn ROIs and analyzed with custom Matlab scripts. 

 

High magnification TNNI1 imaging: High magnification fluorescence imaging of whole-

mount immunostained samples and was carried out using Leica SP8 confocal microscope using 

100x oil immersion objective.  

 

RNA extraction and quantitative RT-PCR (qPCR): RNA extraction and purification was done 

with the RNeasy mini kit (Qiagen, #74104) according to manufacturer’s instructions. Reverse 

transcription was performed with 300ng of RNA with the High Capacity RNA-to-cDNA kit 

(Invitrogen, #4388950) per manufacturer’s instructions. Quantitative RT-PCR (qPCR) was 

performed using PowerUpTM SYBRTM Green Master Mix (Applied Biosystems). At least three 

biological replicates and two technical replicates per sample per gene were performed. 

Technical replicate cycle threshold (Ct) values were averaged and normalized to glycerol 

https://github.com/TerDiv4/WNT-Barbell-Paper
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phosphate dehydrogenase (GAPHD)(ΔCt). Primer sequences were obtained from 

PrimerBank66 and can be found in Table 4.2. 

 

Osteocyte differentiations: Human mesenchymal stem cells (hMSCs) isolated from adult bone 

marrow were purchased from Millipore Sigma (#SCC034) and expanded to passage 4 (P4) in 

low-glucose DMEM (Gibco, #11885092) supplemented with 20% FBS 9Sigma F2442) and 

1% P/S (Gibco, #15140148). P4 hMSCs were seeded onto 0.1% gelatin-coated well plates on 

Day 0 at a density of 3x103 cells/cm2 and allowed to adhere for 24 hours in basal media. 

Osteogenic differentiation was induced on Day 1 using 50 µg/mL L-ascorbic acid, 10 mM β-

glycerophosphate, and 0.1 µM Dexamethasone, in addition to 1 µM CHIR or 1 nM Barbell as 

indicated. Induction media was changed every other day for 14 days prior to fixation or RNA 

extraction.  

Cells used for immunostaining were fixed in 4% PFA for 25 minutes at 4C, 

permeabilized with 0.1% Triton X-100 for 15 minutes, and then blocked with 3% BSA in 

PBST for 45 minutes at room temperature. Primary antibodies were incubated overnight at 4°C 

in PBST+ 3% BSA, then rinsed three times with PBS. Primary antibodies: (Beta-catenin Ab 

from your lab from the 5 uL Rabbit IgG aliquots). Secondary incubations (PBST+ 3% BSA, 

+DAPI) were performed for 60 minutes at room temperature and rinsed three times in PBS 

prior to imaging. Secondary antibodies: Alexa Fluor 647 α-rabbit (Invitrogen, # A27040). Cells 

used for Alizarin Red staining were rinsed three times with deionized water after fixation and 

incubated in staining solution (Millipore, A5533) for 30 minutes prior to imaging.  
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4.7 – Supplementary Information 

 

 

 

 

 

Figure S4.1 Binding complexes of DRPB:Fz-CRD (PDB_6NDZ, top left) and D07:LRP6 (PDB_6H16, 

top right). Bottom) Wnt Barbell in complex with Fz-CRD and LRP6. Wnt Barbell structure was predicted 

with RoseTTAFold. D07 and DRPB domains of the predicted Barbell structure were aligned with matching 

structures in respective PDB files.  
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Figure S4.2 a) SDS-PAGE analysis of Wnt Barbell purification. Elutions 3-5 were saved for 

concentration and use in experiments. Bar chart on right depicts relative Barbell levels in insoluble and 

soluble fractions of bacterial lysate. b) Western blot showing β-catenin accumulation in wild type 

HEK293T cells after 24 hours of Barbell treatment. c) Quantification of β-catenin accumulation from 

Western blots (n=4). Levels are normalized to β-actin loading control. d) Fluorescence quantification 

of nuclear β-catenin after 24 hours of Barbell treatment (representative images in Figure 4.1 d). e) Wnt 

responses when treated with Barbell (red) or co-treatments of D07 and DRPB (split, not connected with 

GS linker).  
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Figure S4.3 a) Representative images of calcium flux during a single beat. Scale bar = 100 µm. 

b) Zoomed-in representation (1.5 seconds) of a single pulse shown in Figure 4.4 d. c) 

Quantification of frequency, time to peak, 50% decay, and 90% decay for Barbell- and CHIR-

derived CM patterns. n=3 for each condition.   
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Figure S4.4 a) SDS-PAGE of FUS Barbell purifications. b) Immunofluorescence of Frizzled-5 

(top) and Frizzled-7 (bottom) following 15 minutes of treatment. Green arrows represent 

endosome-like structures. Pink arrows represent membrane localization. Scale bar = 10 µm.   
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Table S4.1 – Amino Acid Sequences 

Red – DRPB-7/8 

Cyan – D07 nanobody 

Magenta – FUS 

Green – LOV domain 

Construct Amino Acid Sequence 

 

Wnt Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEGSGS

GGSGSGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKE

REFVAEITWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY

CAAITYTRGIYKYWGQGTQVTVSSGGSGGHHHHHH 

 

DRPB 

MGSSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAA

MNGHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGAD

VNAVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAA

QRGHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEG

GSGGHHHHHH 

 

D07 

AEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKEREFV

AEITWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCAAI

TYTRGIYKYWGQGTQVTVSSGGSGGHHHHHH 

 

 

FUS_52 Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEASN

DYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQAE

VQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKEREFVAEITW
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SGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCAAITYTRG

IYKYWGQGTQVTVSSGGSGGHHHHHH 

 

 

FUS_114 Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEASN

DYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQSSY

SSYGQSQNTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAP

SSTSGSYGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGK

EREFVAEITWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVY

YCAAITYTRGIYKYWGQGTQVTVSSGGSGGHHHHHH 

 

 

FUS_214 Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEASN

DYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQSSY

SSYGQSQNTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAP

SSTSGSYGSSSQSSSYGQPQSGSYSQQPSYGGQQQSYGQQQSYNPPQGYGQ

QNQYNSSSGGGGGGGGGGNYGQDQSSMSSGGGSGGGYGNQDQSGGGGSG

GYGQQDRGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPG

KEREFVAEITWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAV

YYCAAITYTRGIYKYWGQGTQVTVSSGGSGGHHHHHH 

 

 

C-FUS Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEGSGS

GGSGSGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKE

REFVAEITWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY
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CAAITYTRGIYKYWGQGTQVTVSSMASNDYTQQATQSYGAYPTQPGQGYS

QQSSQPYGQQSYSGYSQSTDTSGYGQSSYSSYGQSQNTGYGTQSTPQGYGS

TGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSYGSSSQSSSYGQPQSGS

YSQQPSYGGQQQSYGQQQSYNPPQGYGQQNQYNSSSGGGGGGGGGGNYG

QDQSSMSSGGGSGGGYGNQDQSGGGGSGGYGQQDRGGGSGGHHHHHH 

 

 

G16 LOV Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEGSGS

GGSGSGAEVQLQESGGGLVQAGLERIEKNFVITDPRLPDNPIIFASDSFLQLT

EYSREEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTKSGKKF

WNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKTAENID

EAAGSLRLSCAASGRTFSIYTIGWFRQAPGKEREFVAEITWSGGSTYYADSV

KGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCAAITYTRGIYKYWGQGTQ

VTVSSGGSGGHHHHHH 

 

 

V65 LOV Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR

GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEGSGS

GGSGSGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKE

REFVAEITWSGGSTYYADSVLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYS

REEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTKSGKKFWNL

FHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKTAENIDEAA

KGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCAAITYTRGIYKYWGQGTQ

VTVSSGGSGGHHHHHH 

 

 

A76 LOV Barbell 

MSELGTRLIRAALDGNKDRVKDLIENGADVNASLMSGATPLHAAAMN

GHKEVVKLLISKGADVNAQSVAGSTPLDAAAFSGHKEVVKLLISKGADVN

AVNAAGLTPLHAAADNGHKEVVKLLISKGADVNAKADHGMTPLHFAAQR
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GHKEVVKLLISKGADLNTSAKDGATPLDMARESGNEEVVKLLEKQLEGSGS

GGSGSGAEVQLQESGGGLVQAGGSLRLSCAASGRTFSIYTIGWFRQAPGKE

REFVAEITWSGGSTYYADSVKGRFTISRDLERIEKNFVITDPRLPDNPIIFASD

SFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTK

SGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKT

AENIDEAAKNTVYLQMNSLKPEDTAVYYCAAITYTRGIYKYWGQGTQVTV

SSGGSGGHHHHHH 
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Table S4.2 – qPCR primers 

Gene  Sequence (5’ -> 3’)  

TBXT(T) F GTGTCCCAGACGTTCTCAGTC 

R GGGAGACGCATAGCCTTGT 

EOMES F GTGCCCACGTCTACCTGTG 

R CCTGCCCTGTTTCGTAATGAT 

SNAI2 F CGAACTGGACACACATACAGTG 

R CTGAGGATCTCTGGTTGTGGT 

SNAI1  F TCGGAAGCCTAACTACAGCGA 

R AGATGAGCATTGGCAGCGAG 

GSC F AACGCGGAGAAGTGGAACAAG 

R CTGTCCGAGTCCAAATCGC 

HAND1 F GAGAGCATTAACAGCGCATTCG 

R CGCAGAGTCTTGATCTTGGAGAG 

MIXL1 F GGCGTCAGAGTGGGAAATCC 

R GGCAGGCAGTTCACATCTACC 

OCT4 F GGGAGATTGATAACTGGTGTGTT 

R GTGTATATCCCAGGGTGATCCTC 

SOX2 F TACAGCATGTCCTACTCGCAG 

R GAGGAAGAGGTAACCACAGGG 

NANOG F CCCCAGCCTTTACTCTTCCTA 

R CCAGGTTGAATTGTTCCAGGTC 

Nkx2.5 F GTCTCCTCTGACTCCAACAGCG 

R ACCACCCTGTTGCTGTAGCCAA 

SERCA F GGACTTTGAAGGCGTGGATTGTG 

R CTCAGCAAGGACTGGTTTTCGG 

cTNT F AAGAGGCAGACTGAGCGGGAAA 

R AGATGCTCTGCCACAGCTCCTT 

MyH6 F GGAAGACAAGGTCAACAGCCTG 

R TCCAGTTTCCGCTTTGCTCGCT 
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MyH7 F GGAGTTCACACGCCTCAAAGAG 

R TCCTCAGCATCTGCCAGGTTGT 

MyL2 F TACGTTCGGGAAATGCTGAC 

R TTCTCCGTGGGTGATGATG 

RUNX2 F GACCAGTCTTACCCCTCCTAC 

R CTGCCTGGCTCTTCTTACTGA 

ALP F ACTCCCACTTCATCTGGAAC 

R CCTGTTCAGCTCGTACTGCA 

Col1a1 F GAGAGGAAGGAAAGCGAGGAG 

R GGGACCAGCAACACCATCT 

Osteocalcin F TGACGAGTTGGCTGACCA 

R AGGGTGCCTGGAGAGGAG 

GAPDH F GTCTCCTCTGACTTCAACAGCG 

R ACCACCCTGTTGCTGTAGCCAA 
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CHAPTER 5: Concluding Remarks 

The work presented in this dissertation underscores a paradigm shift in molecular tool 

development, placing an emphasis on strategies that operate externally to transmit cellular 

signals that can be precisely controlled in both space and time. The developments focused on 

establishing innovative, yet approachable, methods to shape the extracellular space as a way 

to control cellular fates.   

Synthetic molecular systems that enable temporal or spatial control over cellular 

processes have been pivotal in understanding the importance of dynamic cues in shaping fates 

at both the cellular- and tissue- levels. These approaches, however, typically require complex 

chemistries or genetic perturbations, which often present significant limitations and challenges 

to their widespread utilization. Moreover, intracellularly facing approaches, like small-

molecules and genetic modifications, suffer from off-target effects, interfere with or bypass 

natural cellular processes, or require intricate delivery systems, all of which ultimately restrict 

their utility in certain contexts. By circumventing these issues and initiating cues 

extracellularly, the strategies discussed herein offer an elegant solution to the inherent 

limitations.  

Chapter 2 covers a novel approach for enabling dynamic mechanical changes in natural 

hydrogels. Previous mechanical studies were either limited to unidirectional mechanical 

changes or accomplished using networks of synthetic polymers that require thorough 

modification to support cell growth. This work is the first reported instance of a hydrogel 

derived from native ECM components undergoing reversible mechanical changes. Chapter 3 

continues to elaborate on ECM hydrogel engineering as a way to shape extracellular signals 

by using a photo-caged molecule to enable patterning of small molecules and morphogens on 
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several ECM-derived networks. The resulting functionalized surfaces offer arbitrary spatial 

control over cellular phenotypes. Finally, Chapter 4 addresses limitations in Wnt ligand 

biomanufacturing by covering the creation of a bacterially expressed synthetic Wnt (Wnt 

Barbell). The Wnt Barbell serves as a general Wnt agonist, aides in tissue-specific 

differentiations, and can be further engineered to tailor receptor valency and activate Wnt 

signaling in a light-dependent fashion. 

In summary, the development and utilization of extracellular tools represents a 

cornerstone in the ever-evolving space of molecular technologies. Their non-invasive nature, 

coupled with their ability to precisely modulate cellular processes, holds immense promise for 

shaping the future of precision medicines and scientific advancement.  

 

 




