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Abstract

Unmet needs in soft tissue repair, such as chronic wounds, scarring, corneal blindness, and heart
failure, urgently require new therapies. Hydrogel soft biomaterials offer a promising solution.
While traditionally classified as polymers from natural or synthetic sources, advancements in
chemical synthesis now enable the synthetic production of natural biofunctional molecules like
peptides and proteins. Thus, bioinspired synthetic hydrogels can be designed as reliable, cost-

effective and pathogen-free alternatives for soft tissue repair.

Synthetic collagen-like peptides (CLPs) can form natural tissue structures and self-assemble into
triple-helix trimers to create 3D hydrogels. In this doctoral dissertation, I developed CLP materials
using supramolecular self-assembly and either spontaneous thiol-maleimide Michael addition or
photoactivated radical thiol-ene reactivity. A low-volume, rapid combinatory screening approach
identified ideal candidates from a library of synthetic peptides. Adjusting peptide concentration or
structural properties like junction functionality and reactive group choice allows for hydrogel

tuning.

Ex vivo, in vitro, and in vivo assays assessed the materials’ soft tissue repair capabilities.
Collagenase degradation and live/dead assays showed suitable biocompatibility and
biodegradability. Peptide hydrogels sealed corneal perforations or altered corneal shape. Skin
adhesion tests showed strong wound closure strength comparable to commercial adhesives. In vivo
wound treatment accelerated healing while reducing epithelial thickness and increasing collagen
content. In a mouse model of myocardial infarction, CLP hydrogel-treated hearts preserved
function at 28 days, while saline control lost function. These results suggest that peptide-based

hydrogels are a promising platform for soft tissue repair of the skin, cornea, and heart.
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Some of the text and figures used in this thesis are reproduced with modifications from the
following articles: Ross et al. Advanced Functional Materials 2024, Ross et al. Advanced
Functional Materials 2025, and Ross et al. ACS Materials Letters 2026.

1.0 Introduction

1.1 Current Needs in Cornea Repair

Corneal blindness remains a leading cause of visual impairment, affecting over 12 million people
globally. However, it is estimated that only one donor cornea is available for every 70 patients in
need.! Among the pathologies contributing to this crisis, keratoconus stands out as a prevalent
progressive disorder characterized by the thinning and protrusion of the cornea into a conical
shape.? This structural deformity prevents light from focusing correctly on the retina, leading to

distorted vision, myopia, and heightened light sensitivity.

The underlying pathophysiology of keratoconus involves the localized degradation of collagen
fibers and a concomitant reduction in the density of specialized fibroblasts in the corneal stroma
known as keratocytes.* These collagen fibers are essential for maintaining the cornea’s shape,
strength, and flexibility.> ® However, during disease progression, a significant biochemical
imbalance occurs; the depletion of keratocytes is accompanied by an upregulation of matrix
metalloproteinases (MMPs). These proteolytic enzymes actively degrade the collagenous

framework, resulting in the progressive thinning and mechanical weakening of the stroma.”8

Current treatments for keratoconus are based on the progression of the disease from early to middle
to late stage. In the early stages, treatment typically relies on conservative optical correction
through eyeglasses or specialized contact lenses to mitigate refractive errors.” As the disease

progresses, lenses prove to be insufficient and corneal collagen crosslinking (CXL)! is utilized,



where ultraviolet A (UVA) light is used to activate riboflavin and generate reactive oxygen species
(ROS), forming additional bonds between collagen and other extracellular matrix (ECM)
components such as proteoglycans.!> !> While CXL stabilizes the stromal thickness, it is primarily
a preservative measure rather than a regenerative one. However, this only provides a temporary
relief as end-stage disease progression ultimately demands corneal transplantation.'® The reliance
on donor tissue for end-stage cases highlights an unmet need for alternatives that can restore the
cornea’s structural integrity and optical clarity without the logistical and immunological

complications of transplantation.

1.2 Current Needs in Wound Healing

Functional wound healing is a significant issue as both unhealed chronic wounds (~2% of US
population, $20 billion market)'* and excessive scarring/fibrosis remain prevalent, often without
satisfactory treatment.!> Chronic wound management affects millions of people globally,
particularly those with diabetes, obesity, and vascular insufficiencies. Chronic wounds such as
diabetic foot ulcers (DFUs) are defined by their failure to progress through the normal, orderly
stages of healing.'® These stages are hemostasis, inflammation, proliferation, and remodelling.!”
Chronic wounds often remain in a prolonged inflammatory phase where a reduction in the
functional capacity of fibroblasts and keratinocytes leads to a failure in re-epithelialization.'® A
critical driver of this failure is the overexpression of MMPs; these enzymes cause excessive

degradation of the ECM, thereby preventing structural stabilization and effective wound closure. '’

Current treatments for chronic wounds vary based on the severity and duration of the wound. Early
stage management consists of debridement, infection control, and moisture-retentive dressings like

foams or hydrocolloids.?® 2! As wounds fail to heal and become more advanced, therapies such as



negative pressure wound therapy (NPWT)?? or hyperbaric oxygen therapy (HBOT)*® can be

utilized to stimulate blood flow and oxygenate the tissue. Ultimately, severe non-healing ulcers

will require biological skin substitutes or autologous grafts.?* 2°

Scarring and fibrosis represent the other side of the wound healing response where the persistent
activation of myofibroblasts leads to the excessive and disorganized deposition of ECM
components, primarily type I collagen.?® % In the skin, this can result in reduced mobility along

with physical and psychological discomfort due to patient dissatisfaction with scar appearance.®

29 While mature scars are very difficult to treat, current treatments focus on early intervention.*°
These treatments include pressure garments, corticosteroid injections, and laser therapy.’!

However, these approaches remain limited in successfully preventing excessive scarring and

fibrosis.

1.3 Current Needs in Heart Repair

Cardiovascular diseases (CVDs) remain the leading cause of global mortality, accounting for
approximately 18 million fatalities annually.’® *> A primary manifestation of CVD is coronary
artery disease, which can culminate in myocardial infarction (MI).** The ischemic environment
during an MI triggers a cascade of pathological complications, including extensive cardiomyocyte
death, adverse cardiac remodeling, and electrical conduction blockages, eventually progressing to

end-stage heart failure.>

The transition from acute injury to chronic failure is driven by an excessive accumulation of
harmful metabolic byproducts, specifically reactive oxygen species (ROS) and methylglyoxal
(MG).>>3 MG is a highly reactive dicarbonyl compound that has been shown to impair cardiac
contractility and accelerate cardiomyocyte apoptosis, thereby exacerbating the loss of functional
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tissue.’” Because adult human cardiomyocytes possess negligible regenerative capacity, the lost
muscle is replaced by a non-contractile, fibrotic collagen scar.*®3° This scar tissue alters the heart's
geometry and mechanical load, initiating a cycle of adverse remodeling characterized by

ventricular wall thinning and chamber dilation.*

Conventional therapies are primarily palliative, focusing on symptom management and the
prevention of subsequent secondary events rather than the restoration of functional myocardium.*!
Pharmacological interventions such as angiotensin-converting enzyme (ACE) inhibitors and beta-
blockers can reduce the workload on the heart and minimize further remodeling, but fail to induce
regeneration.*? In severe cases, surgical interventions like the implantation of left ventricular assist
devices (LVADs)* or heart transplantation** are required. While LVADs provide essential
mechanical circulatory support, they are associated with high complication rates, including
infection and thrombosis.*> Heart transplantation is severely restricted by a chronic shortage of

donor organs as well as the immunological complications of transplantation.*

1.4 Biomaterials for Soft Tissue Repair

Significant unmet needs in soft tissue repair, ranging from chronic wounds and pathological
fibrosis to corneal blindness and heart failure, demand the development of novel therapeutic
strategies. Biomaterials, defined as substances engineered to interact dynamically with biological
systems, are uniquely positioned to help address these challenges.*”> *® Beyond their role as inert
medical implants (e.g., stents, prosthetic valves, and dental anchors),**° modern biomaterials
function as bioactive scaffolds that recapitulate the lost ECM and deliver biochemical cues to

orchestrate regenerative pathways.>! 3



Biomaterials are traditionally categorized by their stiffness (Young’s modulus), with hard materials
in the MPa to high GPa range and soft materials in the kPa to low GPa range.>* This classification
is biologically critical because of mechanotransduction: the process by which cells sense substrate
stiffness to determine their lineage and behavior (e.g., migration, proliferation, and
differentiation).>*>® To avoid mechanical mismatch and chronic irritation, a biomaterial's

mechanical properties must be "tuned" to match the target tissue.’’

Hydrogels, three-dimensional polymeric networks with high water-retention capacity, represent an
important and versatile class of soft biomaterials.’® In dermatological repair, hydrogels function as
advanced wound dressings that seal perforations, maintain moisture balance, and provide a
protective barrier that accelerates re-epithelialization.> Injectable hydrogels can be delivered into
the corneal stroma to treat thinning (e.g., keratoconus) by restoring structural thickness and optical
clarity.®® Lastly, injection of hydrogels such as recombinant collagen formulations into the
infarcted myocardium can help stop the progression of adverse remodeling and heart failure.5!
Despite their promise, many current hydrogel platforms rely on animal-derived proteins, which

present risks of immunogenicity and batch-to-batch variability.%*

1.5 Natural and Synthetic Materials

Hydrogels are composed of polymers from either natural (derived from living organisms) or
synthetic (lab-made) sources.® Historically, extracted natural polymers have been widely used as
building blocks for the synthesis of materials with therapeutic potential for organ and tissue
repair.** Natural polymers such as collagen, silk, and alginate originate from animal, plant, or
microbial sources and usually offer the advantages of excellent biocompatibility, biodegradability,

and inherent cell recognition sites.®> While some of these materials are already in clinical use,%"



the lack of precise chemical tunability, batch-to-batch variability, generally weak mechanical
properties, and potential immunogenicity stemming from biological impurities and pathogen

transfer remain barriers to biomedical innovation.’!"”3

The limitations of natural polymers are exacerbated by the fact that a "one size fits all" approach
is unrealistic for clinical applications. Organs and tissues possess highly specific physical and
mechanical properties, and the extent of tissue damage varies greatly between individuals.”
Consequently, synthetic materials have gained considerable interest because their properties can
be finely tuned to meet specific requirements.” Synthetic polymers such as polyethylene glycol
(PEG), polycaprolactone, and cyanoacrylates can be precisely chemically synthesized to control
both molecular and material properties, offering greater reproducibility, scalability, and
customization.”® While these materials can be engineered for high mechanical strength, they often

lack the innate bioactivity of natural polymers and can present challenges regarding long-term

biodegradability and biocompatibility.”’

Among the various synthetic strategies available, short peptide-based materials, typically less than
50 amino acids in length, offer a compelling middle ground.”® These materials can mimic the
biological functions of full-length proteins while providing the flexibility for chemical
modification and a relatively low cost of clinical-grade manufacturing.”” 3 Advancements in
chemical synthesis, such as solid-phase peptide synthesis (SPPS),®! have effectively blurred the
line between natural and synthetic classifications.*? Through chemical production of peptides and
proteins, the biofunctional advantages of natural molecules can be retained while capturing the

monodispersity and precise structural control of synthetic polymers.®’



These polypeptide-based materials hold significant potential for applications such as surgical
sealants and adhesives, providing an alternative to sutures in delicate tissues where mechanical
fastening is difficult or impossible. In these contexts, they can improve healing outcomes and
minimize scarring.®* By utilizing collagen-like peptides (CLPs), it is possible to replicate the
hierarchical structure of natural collagen,®® including the self-assembly into triple-helix trimers
that form stable three-dimensional hydrogel networks.> 3¢ %" Because CLPs elicit a regenerative
response similar to that of full-length collagen without the associated risks of animal-derived

products, they represent a promising platform for the next generation of soft tissue therapeutics.®

1.6 Collagen and Collagen-Like Peptides

Collagen is the most abundant structural protein in the human body, accounting for approximately
twenty-five percent of the total protein mass.®” It serves as the primary architectural component of
the extracellular matrix, providing essential tensile strength and structural integrity to tendons,
skin, and various internal organs. At the molecular level, collagen is characterized by a
sophisticated hierarchical structure beginning with the formation of a right-handed triple helix.®
This helix is composed of three polypeptide chains, each exceeding 1,400 amino acids in length.*
The stability of this triple helix is fundamentally dependent on a repeating primary sequence where
every third residue is glycine, denoted by the (Gly-X-Y) pattern.’! In this sequence, the X and Y
positions are frequently occupied by proline and 4-hydroxyproline, respectively, which facilitate

the tight packing and thermal stability of the helical structure.’?

The thermal stability of collagenous molecules is determined by the cooperative transition of the
triple-helical structure, a process typically quantified by the melting temperature (Tm).”> In native

collagen, this stability is maintained by an extensive network of inter-chain hydrogen bonds,



largely driven by the repeating Proline-Hydroxyproline-Glycine (POG) motifs.®*> Synthetic CLPs
successfully replicate this behavior, with stability being thermodynamically favored when the
peptides are conjugated to a polymeric backbone or incorporated into a 3D hydrogel network.”* To
remain folded and act as bioactive scaffolds in physiologic conditions, thermal stability at 37 °C
is an important design consideration for CLPs.”® In CLPs, 7-8 POG repeats will generally provide

a thermal stability suitable for physiological conditions.”® *’

Because of its innate bioactivity, collagen has been extensively utilized as a primary material in
tissue engineering.®!: % %% Despite these successes, the use of full-length, animal-derived collagen
presents significant technical and clinical challenges. The extraction of collagen from tissues often
results in a polydisperse mixture with significant batch-to-batch variability and a risk of
transmitting zoonotic diseases or triggering adverse immunological responses.'% Furthermore, the
massive size of the collagen molecule makes it difficult to modify chemically with precision.!®!
These limitations have driven the development of CLPs that mimic the essential structural and
functional motifs of native collagen. Because they are synthesized chemically, the structure and
properties of CLP-based materials can be "tuned" with a level of precision that is impossible to
achieve with extracted collagen.!® This makes CLPs an ideal platform for addressing the "one size
fits all" limitation of traditional biomaterials. While native collagen remains a gold standard for

bioactivity, CLPs offer a superior balance of safety, reproducibility, and engineerable complexity,

bridging the gap between natural biological function and synthetic material precision.

1.7 Structural vs Functional Elements

In the engineering of tissue-instructive scaffolds, a fundamental distinction can be drawn between

structural elements and functional elements. Structural elements represent the architectural



features responsible for bulk mechanical integrity and physical support, whereas functional
elements comprise the biochemical moieties that directly dictate cellular fate processes.!*> While
historically treated as separate design criteria, they are increasingly being recognized as coupled
variables where physical forces translate into biological signals through the material-cell

interface.’®

Structural elements are the material features that define mechanical properties, including bulk
composition, microstructure, and architecture.!® These variables determine the elastic modulus,
yield strength, toughness, and fatigue life of the scaffold.!% In the context of soft tissue repair,
these elements are engineered to match the target tissue’s mechanical environment to avoid stress
shielding or implant failure.!® Through mechanotransduction, cells convert mechanical stimuli

from their environment into biochemical signals, thus generating a biological response to the
mechanical properties of nearby biomaterials.'??
Functional elements operate at the surface and near-surface scales to control protein adsorption,

109

integrin binding, and immune recognition.!®® Examples include surface topography,'” chemical

functional groups,''® immobilized peptides or growth factors,'!! and degradable linkers''? that
release bioactive cues. Unlike structural components, these elements do not primarily carry
mechanical load; instead, they instruct cells by affecting adhesion, differentiation, and
inflammatory responses through specific signaling pathways. The modification of materials using

targeted peptide sequences can provide a diverse array of therapeutic properties, including

1’114 116, 117 h,118’119

antihypertensive,''* antimicrobial,''* angiogenic,'!® anti-cancer, neuronal growt anti-

apoptotic,'? drug delivery,'?! and immunomodulatory properties.'?* 123



Peptide functionalization can be achieved through various chemical methods, such as grafting,
oxidation, and aminolysis, or through physical methods including adsorption, entrapment, and
layer-by-layer deposition.'?* The selection of an appropriate functionalization strategy is
dependent on the chemical composition of the base material and the specific requirements of the
peptide sequence.'? By integrating these functional cues into a mechanically sound structural
framework, it is possible to create biomaterials that not only replace lost tissue but actively guide

the regenerative process.

1.8 Hydrogel Design

Hydrogels represent the most prevalent class of soft biomaterials due to their high water content
(often exceeding 90%), biocompatibility, and mechanical tunability.'?® They can be synthesized
using a variety of chemistries that enable the formation of three-dimensional, water-retaining
polymer networks with possible features including self-healing, toughness, shear-thinning, and

stimuli-responsiveness.'?’

The formation of these networks relies on either physical (non-covalent) or chemical (covalent)
crosslinks (Figure 1.1A). Physical interactions, including hydrogen bonding, ionic interactions,
and hydrophobic forces, are primarily responsible for the folding and assembly of polypeptides.'?3
A prominent example is the self-assembling peptide RADA16, which forms stable scaffolds
through ionic-complementary interactions.'? Physical crosslinking typically results in softer, more
dynamic materials formed under mild, cytocompatible conditions, often triggered by subtle shifts

in pH or temperature. '

In contrast, chemical crosslinking involves covalent bond formation either through spontaneous
reactions or those stimulated by light”, heat'*!, or enzymes.'*? Gelatin methacryloyl (GelMA),
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which undergoes rapid polymerization upon light exposure, is a widely utilized example of a
chemically crosslinked system.!**-13> While chemical crosslinking generally produces stiffer
materials, reaction conditions such as the presence of photoinitiators must be carefully optimized
to prevent adverse effects on cell viability.'*® Table 1.1 contains a summary of physical vs chemical

crosslinking.

The degree and nature of crosslinking dictate the fundamental physicochemical properties of the
hydrogel, including stiffness, porosity, swelling capacity, and diffusivity (Figure 1.1B). Stiffness
is a critical determinant of cell behavior; through interactions with integrin receptors, the
mechanical rigidity of the scaffold influences cellular morphology, proliferation, and migration.'*”-
138 Generally, as crosslinking density and polymer concentration increase, the elastic modulus rises
while the swelling ratio, governed by the balance of osmotic pressure and elastic retractive forces,

decreases.'?’

Porosity and diffusivity are also important parameters, as they govern the infiltration of cells, the
vascularization of the graft, and the diffusion of nutrients and metabolic waste.'*® However, the
optimal parameters for porosity are still not well understood.'*! Diffusivity affects the release of
payload from the hydrogel and is typically inversely related to stiffness due to the smaller mesh
size in stiff hydrogels.'** Furthermore, for temporary scaffolds, the biodegradation rate must be
synchronized with the deposition of native ECM to ensure seamless tissue integration without the

need for surgical removal.!*

Ultimately, the clinical success of a hydrogel depends on the precise alignment of these properties
with the physiological demands of the target tissue. By fine-tuning these parameters, scaffolds can

be created that accommodate the high transparency required for the cornea, the mechanical
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resilience required by the beating heart, or the rapid cell infiltration essential for wound healing.

Physical Crosslinking Chemical Crosslinking
Mechanism Non-covalent interactions such as | Covalent bond  formation via
hydrogen bonds, ionic interactions, | spontaneous reactions or those
and hydrophobic forces. activated with light, heat, or enzymes.
Representative Self-assembling peptide hydrogels | Photocrosslinkable GelMA systems;
examples such as RADAI6 or peptide | rose bengal collagen photobonding;
amphiphiles. click chemistry PEG networks.
Tunability Control via pH, ionic strength, | Control via functional group density,
temperature and sequence design | stoichiometry, light dose, enzyme
with limited maximal stiffness. activity and orthogonal click pairs with
larger possible stiffness ranges.
Cytocompatibility | Generally mild formation conditions | Dependent on type of reactive group

and reversible bonds; useful for in

situ gelling.

and concentrations used; potentially

greater cytotoxicity.

Table 1.1. Crosslinking strategies in hydrogel design. Comparison of mechanism, representative
examples, tunability, and cytocompatibility on material properties.
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Figure 1.1. Hydrogel design. Network formation: hydrogels are engineered through either physical or chemical crosslinking. These
strategies dictate the fundamental architecture of the polymer network. (B) Physicochemical properties: increased crosslinking typically
enhances stiffness and mechanical resilience but leads to a reduction in swelling ratio and a decrease in porosity, which in turn limits
the diffusivity of nutrients and signaling molecules. (C) Bioactive modulation: beyond mechanical support, functionalization modulates
the immune response and provide localized, instructive cues to guide the healing process. Designed in BioRender and edited by Dr.
Irene Guzman-Soto.
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1.9 Biomaterials for Cornea Repair

An ideal artificial corneal implant must satisfy several stringent benchmarks, including high
optical transparency, shape retention under intraocular pressure, ease of surgical application, and
long-term immune tolerance (Figure 1.2A). Given that collagen is the predominant structural
component of the human corneal stroma, it has served as a logical basis for bioengineered
implants.'** Among the most clinically advanced examples is BPCDX (bioengineered porcine
construct, double crosslinked), an animal-derived collagen hydrogel that significantly improved
visual acuity and corneal thickness in patients over a 24-month period without adverse effects.!*
Despite these outcomes, animal-derived collagen is inherently heterogenous, source-dependent,

and may contain immunogenic or zoonotic contaminants (Figure 1.2B).” In addition, its extraction

and purification require extensive processing to meet clinical safety standards.®

To mitigate these risks, recombinant human collagen (rHC) hydrogels with 2-
methacryloyloxyethyl phosphorylcholine (MPC) have been developed. rHC-MPC-PEG hydrogels
were implanted in high-risk patients, achieving partial vision restoration and stromal integration
over 24 months. While recombinant approaches eliminate animal sourcing, they present significant
challenges in protein expression, purification, and high-level processing. Furthermore, many of
these systems rely on external crosslinkers like 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS), which can limit in situ cell encapsulation due
to chemical toxicity.'* These barriers have shifted interest toward materials where crosslinking

and bioactivity are engineered directly into the molecular backbone.

Short CLPs offer a synthetic alternative that mimics the triple-helical folding of native collagen

while remaining modular and industrially scalable (Figure 1.2C). Experimental studies have shown
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that CLP-based hydrogels achieve regenerative outcomes comparable to rHC implants, including
successful epithelial repair and stromal remodeling.% 146 A notable application is the LiQD Cornea,
a CLP-PEG-fibrinogen conjugate that forms a hydrogel at physiological temperatures within five
minutes.'*’ Research in feline models demonstrated sustained clarity and tissue integration over
12 months with this system, and subsequent iterations incorporated MPC for anti-inflammatory
effects and the GF19 peptide for antiviral protection.!**-15° These multifunctional designs highlight
the modularity of CLPs but also demonstrate reliance on multiple components and external

crosslinkers. Table 1.2 contains a comparison of different collagen sources.

Photopolymerization is a popular strategy for providing spatiotemporal control over hydrogel
formation, as seen with GelCORE, which effectively seals stromal defects in rabbit models via in
situ light activation.'** Other proteins such as silk are also used in photopolymerization systems. !
However, the toxicity of common photoinitiators like riboflavin under UV exposure remains a
concern.'*? Visible light can alleviate this issue. For example, a photoresponsive formulation
combining CLPs with glycosaminoglycans and PEG used a low energy pulsed blue light to prevent
damage to sensitive retinal cells while also regenerating the stroma.®® Using pulsing to allow time
for oxygen diffusion, a low intensity of blue light applied to riboflavin resulted in effective
crosslinking with reduced cytotoxicity. Recent findings also suggest that using arginine as a co-
initiator can further attenuate riboflavin-induced phototoxicity.!>* Additionally, the incorporation

of bioactive molecules like heparin into these formulations can limit cytokine influx, thereby

reducing corneal scarring and fibrosis.'>*

Developing effective photopolymerization systems to generate in situ biomaterials with minimal
toxicity either from chemical additives or use of harsh irradiation along with tuning the biological

response will help facilitate cornea repair going forward. Synthetic peptide-based materials such
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as CLPs offer a modular, tunable, and light-controllable platform that is clinically scalable. By
encoding functionality directly into the peptide sequence while avoiding potential contamination
from biological sources, these materials overcome the inherent limitations of animal-derived and

recombinant systems and advance the design of next-generation therapies for corneal regeneration.

Animal-Derived Recombinant (rHC) | Synthetic (CLPs)
(BPCDX)

Purity Variable; potential for | High; single protein | Absolute; sequence
ZOonosis. species. defined.

Scalability High, but requires rigorous | Low to Moderate; | High; automated
cleaning complex expression. | peptide synthesis.

Modularity Limited to post-extraction | High genetic | Maximum; atomic
edits. modularity. level control.

Safety Risk of immune response | High High; low
(telopeptides). biocompatibility. immunogenic

footprint.

Table 1.2. Comparison of animal-derived, recombinant, and synthetic collagen systems in
cornea repair.
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Figure 1.2. Cornea material design. (A) An ideal corneal implant must balance optical
transparency, mechanical shape retention, ease of surgical application, controlled biodegradability
that matches host tissue turnover, and high immune tolerance to prevent graft rejection.(B)
Traditional approaches utilize full-length collagen. While animal-derived sources are abundant,
they suffer from batch variability and potential immunogenicity. Recombinant human collagen
provides a more uniform alternative but presents significant challenges in large-scale
purification.(C) By synthesizing short, sequence-defined peptides that self-assemble into triple
helices, crosslinking sites and bioactive motifs can be built into the molecular backbone. Designed
in BioRender and edited by Dr. Irene Guzman-Soto.
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1.10 Biomaterials for Wound Healing

Hydrogels represent a promising technology for wound management due to their ability to
maintain a moist environment, facilitate cell migration, and act as a semi-permeable barrier against
external contaminants.'>® Beyond physical protection, advanced wound-healing hydrogels are
designed to induce a favorable tissue response by encouraging angiogenesis and matrix deposition
while controlling the local inflammatory profile.!*® This is increasingly achieved through peptide
biofunctionalization, where specific sequences are integrated to provide biochemical instructions
to the wound site. For example, angiopoietin-1 derived Q-peptide accelerated re-epithelialization
and granulation in small animals and xenografted human skin, Hsp90a F-5 halted burn progression
and promoted keratinocyte-driven re-epithelialization in porcine skin, and a laminin-derived
antioxidant dressing with A5G81 enhanced motility, proliferation, and closure in diabetic
wounds.!>716! The physical architecture of the material also plays a role; nanofiber aerogels with
precision macrochannels have been shown to amplify these biochemical cues, leading to enhanced

neovascularization and tissue infiltration. '

Modulating the immune response is another critical function of modern dressings. Experimental
work with microporous annealed particle (MAP) hydrogels crosslinked with D-peptides
demonstrated the recruitment of myeloid cells and the induction of an antigen-specific adaptive
response. This led to regenerative healing, characterized by hair follicle neogenesis and improved
tensile strength, even when the material degraded more rapidly than its L-peptide counterparts.'®
Additionally, functionalizing materials with interleukin-4 (IL-4) via collagen-binding domains has

been shown to promote M2-like macrophage polarization, shifting the wound environment from a

pro-inflammatory to a pro-healing state.'®* However, the complexity of the immune response
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necessitates caution, and the development of spatial gradients for these signals remains a major

research frontier.!®

While peptides are often added as functional components, they can also serve as the structural
backbone of the hydrogel, potentially acting as tissue sealants that replace traditional sutures. !

1, as well as

Light-activated tissue sealants composed of methacrylated collagen and rose benga
formulations with PEG and CLPs that reduce inflammation and scarring in murine wound models
provide examples of wound-healing hydrogels.*® 8¢ Fibrin is another structural polypeptide that
displays inherent immunomodulatory activity by altering cytokine expression.!'¢”- 1®8 Notably, the
crosslinking density and stiffness of these sealants directly shape the repair process: softer, lightly

crosslinked gels promote cellular infiltration and minimal scarring, whereas stiffer, heavily

crosslinked GeIMA hydrogels have been shown to elevate pro-fibrotic signaling.'®

While many materials have shown successful wound healing in animal models, a deeper
understanding of underlying pathophysiology and individual heterogeneity is required as different
wounds and sub-regions of the same wound display divergent molecular characteristics.'!”® Future
wound healing materials will match their properties to specific wound types and subregions

through presentation of spatial gradients within the material.

1.11 Biomaterials for Heart Repair

Cardiac biomaterials have two common forms: injectable hydrogels and cardiac patches.!”> 172

While patches offer superior mechanical reinforcement and enhanced retention of therapeutic
payloads, injectable hydrogels provide the distinct advantage of minimally invasive delivery,
allowing the material to reach deeper into the infarcted myocardium (Figure 1.3B). The design of
these materials requires a precise alignment with the physiological and mechanical environment
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of the heart. Native myocardium exhibits an elastic modulus of approximately 10-20 kPa and
undergoes constant cyclic strain; in contrast, infarcted tissue undergoes fibrotic remodeling,
becoming significantly stiffer (>50 kPa).!”*>"'’> Consequently, ideal cardiac materials must mimic
the compliance and viscoelasticity of healthy tissue while providing high fatigue resistance to
endure millions of contraction cycles.*’ Furthermore, they must be biocompatible, non-
immunogenic, and may incorporate bioactive cues such as ECM-derived peptides and growth
factors to promote cell adhesion, survival, and angiogenesis, while exhibiting controlled

degradation aligned with tissue healing.!”® 177

Beyond basic mechanical support, advanced cardiac hydrogels must address the complex
pathophysiology of MI through multifunctional design. Two critical strategies involve molecular
scavenging and immune regulation (Figure 1.3C). Metabolic byproducts, such as MG, can be
scavenged to reduce scar size and improve cardiac function.!” Similarly, ROS-scavenging
components or ROS-responsive linkages can mitigate oxidative damage, significantly reducing

inflammation and fostering an environment conducive to angiogenesis.'” 180

In addition to molecular scavenging, immune response regulation is essential to prevent chronic
inflammation and promote a pro-healing phenotype in infiltrating immune cells. Upon contact with
myocardial tissue, biomaterials affect the immune response, alter inflammation, and can contribute
to macrophage polarization.'®!: 182 The inflammatory response is characterized by immune cell
recruitment, cytokine expression (e.g. tumour necrosis factor-o, interleukin-13) and chemokine
release, as well as inflammatory pathway activation.!8% ¥ Cardiac biomaterials can be engineered
to release immunomodulatory agents (e.g. interleukin-10, transforming growth factor-beta) or

incorporate bioactive motifs that polarize macrophages toward an M2 reparative phenotype.'®’
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A unique requirement for cardiac materials is the restoration of electrical connectivity. The fibrous
scars formed after an MI disrupt the heart’s natural conduction system, often leading to
arrhythmias.'®® To restore synchronized contraction, conductive elements such as gold
nanoparticles, carbon nanotubes, or conductive polymers have been integrated into scaffolds.'%®
87 For example, two approaches demonstrated to restore conductivity and improve heart function
post-MI are embedded conductive gold nanoparticles within a collagen cardiac patch!®® and
peptide-stabilized gold nanoparticle spray.'®® Conductive peptides are an active area of research,
where ultrashort peptides modified with 9-fluorenylmethyloxycarbonyl (Fmoc) such as Fmoc-
phenylalanine-phenylalanine (FF) are incorporated in materials, resulting in seeded H9C2 cells
showing increased elongation and alignment along with treated rat hearts exhibiting increased

Connexin 43 expression.!” However, caution must be applied to not inadvertently cause

arrhythmia through biomaterial application.

In summary, both cardiac patches and injectable hydrogels have emerged as promising platforms
for cardiac repair due to their multifunctional ability to provide mechanical support, deliver
bioactive molecules, scavenge harmful metabolic byproducts, modulate the immune response, and
restore electroconductivity. However, several translational challenges hinder their clinical
implementation. First, mechanical fragility and mismatch with dynamic myocardial tissue remain
major concerns, as materials must withstand cyclic strain without compromising integrity.*’
Second, biological complexity including immune responses, chronic inflammation, fibrosis, and
poor vascularization limits long-term integration and functional recovery.'®! Third, scalability and
reproducibility of hydrogel synthesis, sterilization, and storage pose manufacturing challenges,
while regulatory hurdles complicate approval for clinical use.'*? Finally, limited large-animal and

human trial data restricts translation, as most evidence comes from small-animal models, which
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do not fully replicate human cardiac physiology.!”® Future approaches aim to overcome these
barriers through multifunctional and adaptive hydrogel designs, advanced delivery systems such
as image-guided injection, and scalable good manufacturing practices (GMP) compliant

production along with validation in large-animal models.
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Figure 1.3. Cardiac material design. (A) Following cardiac injury, the myocardium undergoes a
cascade of adverse events, including cardiomyocyte death, intense inflammation, and the
formation of a stiff, non-conductive fibrous scar. (B) To address this injury, hydrogels can be
injected or cardiac patches may be surgically delivered to provide mechanical reinforcement and
a reservoir for cell or drug delivery. (C) These materials function through active pathways
including immune response regulation and molecular scavenging. (D) Successful integration of
these biomaterials leads to a measurable improvement in cardiac function, stimulated
neovascularization to restore blood flow, and a significant reduction in scar size. Designed in
BioRender and edited by Dr. Irene Guzman-Soto.

24



The text and figure below were reproduced with modifications from Ross et al. Advanced

Functional Materials 2024.

1.12 Multipurpose On-the-Spot Peptide-Based Hydrogels for Skin, Cornea, and Heart

Repair

The development of three-dimensional scaffolds for regenerative medicine has historically relied
on external chemical crosslinkers to achieve necessary structural integrity. However, many
traditional crosslinking agents can be detrimental to cellular health, particularly in sensitive
applications such as stem cell delivery. This toxicity often limits the use of such materials to pre-
crosslinked implants, where residual reactive side-products must be extensively washed out prior
to implantation.' To overcome these translational barriers, there is a growing need for materials
where the assembly mechanism is inherently cytocompatible and integrated into the molecular

design of the peptide sequence itself.

A major challenge in this field is ensuring that the precise design of peptide sequences facilitates
robust self-assembly even within a crosslinked state, which is essential for reinforcing the
mechanical properties of the resulting hydrogel. Some examples in the literature report bio-
orthogonal assembly of peptide-based hydrogels, mainly using cysteine containing peptides.'*>1?7
However, the application of this chemistry with CLPs remains for the most part underdeveloped.'*®
CLPs are unique in their ability to mimic the triple-helical tertiary structure of native collagen, the
primary structural protein providing tensile strength to human tissues. These synthetic peptides are
typically composed of Proline-Proline-Glycine (PPG) or Proline-Hydroxyproline-Glycine- (POG)

amino acid triplets, offering a modular platform for both structural support and biological

signaling.!”® By combining bio-orthogonal reactivity through cysteine-maleimide reactivity with
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triple-helical assembly, CLPs can be used as structural components that remove the need for

external and potentially toxic crosslinkers.

Key to utilizing CLPs as structural building blocks is a fundamental characterization of their
molecular structure-function relationships. To date, a thorough investigation into how the specific
positioning and identity of each amino acid within a CLP affects the macroscopic properties of a
hydrogel remains underdeveloped. Thus, this work will bridge that gap by utilizing the atomic-
level control provided by SPPS to engineer a library of CLPs to interrogate structure-function
relationships. Factors such as peptide length, position and number of reactive groups along with
the contribution of peptide assembly will be assessed to understand the structural role of CLPs on
a molecular level. Through a low-volume, rapid combinatory screening approach, an ideal peptide
candidate will be developed and used to produce multifunctional materials designed for in situ
applications across diverse tissue types, including the skin, cornea, and heart. A summary of this

integrated design strategy and its multi-organ applications is illustrated in Figure 1.4.
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Figure 1.4. Multipurpose peptide-based engineered materials for skin, cornea, and heart repair. Graphical abstract for this work.
A library of collagen-like peptides with different molecular structures are screened through a low-volume, rapid combinatory approach.
The resulting materials are characterized for their physical properties. As a result of the screening process, a top peptide candidate is
identified and used to create in situ forming multifunctional hydrogel materials with that can used for skin, cornea, and heart repair.
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The text and figures were reproduced with modifications from Ross et al. Advanced Functional

Materials 2025.

1.13 Mechanically Stable and Tunable Photoactivated Peptide-Based Hydrogels for Soft

Tissue Adhesion

Peptide-based materials frequently lack the mechanical robustness required for load-bearing soft
tissue applications.’® 2’ To compensate, they are regularly conjugated to synthetic polymers such
as PEG to form hybrid scaffolds.’® 2°! While these systems are effective at improving elasticity
and toughness, they often sacrifice molecular simplicity and monodispersity. Consequently, the
design of "peptide-only" systems that possess both robust and tunable mechanical properties

remains a significant challenge in biomaterials science.

A unifying feature of both native collagen fibrils and engineered collagen biomaterials is
crosslinking, which provides essential mechanical reinforcement. In native tissues, intermolecular
crosslinks introduced by enzymes like lysyl oxidase contribute crucially to tissue stiffness and
durability.?? In engineered collagen systems, crosslinking is commonly achieved using
carbodiimide-based chemistries such as EDC/NHS®! or small-molecule crosslinkers including

% or glutaraldehyde.”™ Although effective, these traditional methods typically offer

genipin®
limited spatiotemporal control over the crosslinking process.’?> Therefore, a crosslinking strategy
for peptide-based biomaterials that could be: (i) encoded directly into the peptide sequence, (ii)

executed efficiently in aqueous buffer under mild conditions, (iii) controlled with high

spatiotemporal precision, and (iv) designed to minimize cytotoxic byproducts, was selected for.

The radical thiol-ene reaction (Figure 1.5) is one that satisfies these criteria.?’ 27 Thiol-ene
chemistry proceeds through step-growth kinetics and reaches the gel point at high monomer
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conversion, yielding more homogenous networks and fewer unreacted alkenes than alkene
homopolymerization.??® This is an important consideration given the cytotoxicity of unreactive
alkene monomers.?*® Furthermore, thiol-ene chemistry is less sensitive to the presence of oxygen

and can be efficiently performed in aqueous solutions exposed to regular atmospheric

conditions.?'°
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Figure 1.5. Reactivity scheme for photoactivated peptides.Illustration for the (A) ene-ene
homopolymerization and (B) thiol-ene crosslinking. The image also contains a depiction of how

such processes would take place for chain-growth and step-growth of 3D assembled peptide
sequences. (C) Structures for the chemical moieties used in this work
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Light activation provides a layer of temporal control, a strategy already utilized in modified natural
polymers like GelMA or dityrosine silk fibroin.?!'2!3 This approach allows for a self-reactive
molecule to remain inert until irradiated, facilitating purification and preventing premature
reaction during material handling and application. However, many photoreactive groups, such as
alkenes, are inherently hydrophobic, which can limit the aqueous solubility of the peptide.?'* The
hydrophobicity of these groups must be balanced with hydrophilic amino acids, such as the POG
motif commonly found in CLPs, to produce water “friendly” materials such as hydrogels. By
combining a POG core with terminal cysteine sulfhydryl and lysine e-alkene residues, thiol-ene

reactive CLPs that produce hydrogels may be designed.

In this work, a library of photoactivated CLPs is synthesized, characterized, and screened for their
ability to form hydrogel networks. Structure-function relationships are investigated for factors
including peptide length, folding ability, type and number of reactive groups, and position of
reactive group within the peptide. By combining triple helical assembly along with optimized
thiol-ene reactivity, hydrogels are successfully formed from minimalistic solutions containing only
peptide, photoinitiator, and buffer. The mechanical properties of these hydrogels can be
significantly tuned by altering the molecular structure of the peptide used or simply increasing its
concentration. This allows for the creation of mechanically stable peptide-only hydrogel
biomaterials. The suitability of these materials to act as topically applied tissue sealants is

characterized. A summary of this approach is found in Figure 1.6.
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1.14 Thesis Objectives and Scope

The main objective for this thesis was to develop CLPs as key structural components in peptide-
based hydrogel biomaterials used for soft tissue repair. To accomplish this objective, a library of
CLPs was designed, synthesized, characterized, and screened with a rapid, low-volume
combinatory approach. After the screening process, the top CLP materials were applied to in vitro,
ex vivo, and in vivo models to determine the suitability of the materials for soft tissue repair. The

studies in this thesis can be divided into three specific aims.

Aim 1: Develop CLP-PEG hybrid materials utilizing the CLP as a crosslinking agent. Characterize
and screen a library of CLPs for hydrogel formation to understand structure-function relationships

and identify top candidates.

Aim 2: Characterize the biological performance of top CLP-PEG formulations. Assays used
include in vitro cytocompatibility, ex vivo cornea sealing and filling, ex vivo skin adhesion, in vivo

wound sealing and in vivo myocardial injection.

Aim 3: Develop CLP-only photoactivated materials through thiol-ene “click” chemistry.
Characterize and screen a library of photo-CLPs for hydrogel formation to understand structure-
function relationships and identify top candidates. Develop tissue adhesives and test performance

using an ex vivo mouse skin bonding model.
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2.0 Materials and Methods

2.1 Peptide Synthesis

Fmoc protected amino acids and low-loading Wang resin were purchased from CEM. All peptides
were synthesized using microwave assisted Fmoc SPPS?! in a Liberty Blue automated system.
Briefly, the required amount of resin was swelled in dimethylformamide (DMF) for 5 min. Next,
Fmoc deprotection was carried out with 20% piperidine at 90 °C for 60 s. Standard coupling cycles
using diisopropylcarbodiimide (DIC)/Oxyma Pure were run at 90 °C for 240 s in each amino acid
coupling. For difficult couplings, the temperature was increased to 100 °C and additional reagent
equivalents/double couplings were used along with an increased reaction time and addition of urea
as a chaotropic agent. Peptides were cleaved from the resin and deprotected with a cocktail of
trifluoroacetic acid (TFA), triisopropylsilane (TIS), 1,2-ethanedithiol (EDT), and water
(92.5/2.5/2.5/2.5% v/v) at 42 °C for 30 min and then precipitated in —20 °C diethyl ether. Peptide
crude products were then dried under vacuum overnight and purified by preparative reversed-
phase high-performance liquid chromatography (RP-HPLC) in an Agilent 1260 Infinity II system
with a 30 x 100 mm Agilent C18 column at 50 mL min!. Peptide purity and identity were
confirmed via analytical LC-UV/MS in an Agilent 1260 Infinity II system using a 4.6 x 100 mm
Agilent C18 column. A gradient of 0% to 40% phase B over 20 minutes was utilized with phase A
consisting of water/acetonitrile 5%/formic acid 0.1%/TFA 0.01% and phase B acetonitrile/water
2%/formic acid 0.1%/TFA 0.01% at a flow rate of 1.5 mL min'. A purity of >95% was determined
through HPLC peak analysis. Detailed mass spectrometry data for the peptides along with

representative HPLC profiles and crude data can be found in the Supporting Information.
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2.2 Peptide Alkene Modification

For N-terminal methacrylation, resin was washed three times with dichloromethane (DCM, VWR)
and treated with a 5% v/v solution of methacrylic anhydride (Sigma) in DMF for 5 minutes at
room temperature. Following reaction completion, the resin was washed twice with DCM, once
with acetic acid, and twice more with DCM then dried. Acid cleavage was then performed as usual.
Acrylic anhydride (TCI Chemicals) was used to add acrylate. To switch lysine &- allyloxycarbonyl
(alloc) to (meth)acrylate, alloc containing peptides were deprotected according to a previously
published methodology.?!® Briefly, the peptide resin was treated with 3 washes containing 0.25 eq
of tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4, AK Scientific] and 15 eq of phenylsilane
(PhSiH3, Sigma) in DCM at a temperature of 38 °C for 3 min. The resin was then washed and
treated with a 5% solution containing methacrylic anhydride or acrylic anhydride and left to react

at room temperature for 5 min.

2.3 Circular Dichroism

Circular dichroism (CD) spectra were collected on a JASCO J-810 CD spectrometer with a
bandwidth of 1.0 nm in the ultraviolet (UV) region (190-260 nm) using a 0.5 mm quartz cuvette,
at 20 °C using a MPTC-490S accessory. To measure the ratio of positive to negative peaks (Rpn)
and T, all samples were dissolved at a concentration of 200 uM using phosphate buffer | mM
(pH 7.4). Then, different dilutions were prepared to obtain 6.25, 12.5, 25, 50, 100, and 200 uM
concentrations of each sample to measure folding at different concentrations. The spectra were
obtained with solvent background subtraction and were collected with 10 scans. The Ryn parameter

was calculated as the ratio of the absolute molar ellipticities at 225 nm and 200 nm:
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2.4 CLP-PEG Hydrogel Preparation

Hydrogels were prepared from three components: peptide, 8-Arm PEG-Maleimide 40 kDa, a long
bearing chain that easily forms a network (Creative PEGworks, USA), and a buffer solvent.
Reagents were freshly dissolved in buffer before use and kept on ice until application. Three
different formulations of peptide to PEG-Mal were used: CMratio 1.0, 3.0, and 4.0. Solutions were
loaded into syringes and administered to the target site for in situ gelation via custom applicators.
Peptide concentrations ranged from 3.5 to 16 mM. PEG concentrations were kept at ~ 4.0 £ 0.5
mM in all cases. Reagents were freshly dissolved in buffer and kept on ice until use. All hydrogels
were prepared with freshly made solutions. Peptide selection included peptides that gel within 15
s and 120 s, with light transmittance >85%, and a refractive index of <1.38. For preparing the
materials, the components were weighed in a 1.5 mL Eppendorf tube and then ice-cold solvent
was added. Mixing was done by 30 s vortex followed by 5 min of centrifugation (10 000 rpm).
Solutions were then transferred into two syringes that were capped by custom nozzles and stored
on ice until use. After incisional wounds were made, the ice-cold material solution was
immediately applied to the wound and the mixing of the two component solutions at murine body
temperature resulted in rapid in sifu gelation. There is a brief time window of = 30-60 s before the

material begins to solidify where it can be spread over the wound and molded into a desired shape.

2.5 UVA Irradiation Measurement

UVA irradiance within the photoreactor (LZC-4 V, Luzchem Inc.) was quantified using a calibrated

UV sensor (FST100-UV, Firstrate Sensor Co., Ltd.) with a spectral range of 240-370 nm.
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Measurements were performed with the sensor positioned at the sample plane to reflect the
irradiation conditions experienced by the samples. The photoreactor was allowed to warm for 5
min prior to measurement. The system uses Hitachi TS FLEBL-B Black Light Blue UV fluorescent

lamps (8 W).

2.6 Photo-CLP Hydrogel Preparation

Hydrogels were prepared from three components: peptide, PBS buffer solution, and photoinitiator.
The different peptides used are outlined in Table 3.2 while 1-20 mM solutions of Irgacure-2959
(Sigma) and 5-50 mM solutions of lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP,
Fisher Scientific) were used as photoinitiators. Lyophilized peptide would be weighed out and
mixed with the solvent through vortex and centrifugation. After mixing, the solution would be
chilled at 4 °C while the peptide folds for 0-24 h. After folding, the solution would be transferred
to a 96 well plate and irradiated for 1-20 minutes at 37 °C in a UVA photoreactor (LZC4 V,

Luzchem Inc).

Type I rat tail collagen (Corning) hydrogels were prepared as a reference material using the same
preparation protocol previously validated by McLaughlin et al. for injectable intramyocardial

delivery.®!

2.7 Rheology

Oscillatory shear measurements of the elastic and viscous modulus (G'/G") were obtained at 25
°C using a Malvern Kinexus rheometer with 20 mm parallel plate geometry. For a standard
hydrogel prepared with 100 pL of volume, a 0.3 mm gap distance based on cylindrical geometry

was selected with an oscillation frequency of 1 Hz and a strain sweep range of 0.1-100%.
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2.8 Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectra were recorded using a Nicolet iS5 FTIR with an
Attenuated Total Reflectance (ATR) iD7 accessory and with a diamond crystal. All spectra were
taken at 4 cm ™! of resolution with 64 scans in the 4000-500 cm ' range at room temperature.
Before measurements, the prepared peptides and hydrogels were freeze-dried. The FTIR spectra
of the Amide I region (1750-1550 cm™') were then fitted by multiple Gaussian peaks, see further

details in Supporting Information and Figures S16—S19.

2.9 Molecular Dynamics Simulations

The homology models for the entire set of multipurpose PEG-CLPs (see Figure S5) were obtained
using the ColabFold tool.?!® This tool is a free and accessible platform for protein folding and
provides accelerated predictions of protein structures and complexes using AlphaFold2. The 3D
structure predictions from its sequences are achieved by using multiple sequence alignments
(MSA) of related proteins as input for end-to-end training.?!” To build the diverse MSAs, a large
collection of protein sequences from databases is searched using both HMMer?!® and HHblits?"

methods, both of which use profile hidden Markov Models.

As a first step in the modeling protocol, a single-stranded structure is generated for the entire set
of peptides. These modeled strands were then replicated to generate the triple helix-like structure,
using collagen type 1 as a reference.”® Each peptide was then solvated with 15 A in each of the 3
cartesian coordinates, using the TIP3P water model, resulting in water boxes of varying sizes
depending on the peptide's dimensions. Sodium ions (Na") and chloride ions (C1”) were added to

neutralize each system.
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To investigate the self-assembly process of the photoactivated CLPs, MD simulations of triple-
helix formation were carried out for Pep-8, Pep-10, Pep-14, and Pep-16. Initial configurations were
generated by placing the individual helices at a distance shorter than the nonbonded interaction
cut-off. The parameters for the Lys (alloc) residue were defined by analogy with related moieties
that had already been implemented in the force field. The charges of the residues were defined

with reference to the pKa of each residue at the pH at which the experiments were conducted (7.4).

For each system, six production runs of 100 ns were performed in explicit solvent using the TIP3P
water model. The simulations utilized the CHARMM36 force field, as implemented in the
GROMACS software package. All simulations were executed under isothermal—isobaric
conditions, with periodic boundary conditions applied in all three dimensions. Prior to the
production phase, each system underwent energy minimization, followed by 100 ps of
equilibration at 300 K, employing a time step of 0.5 fs. Subsequently, production runs were
executed with a 2 fs time step. The long-range electrostatic interactions were treated using the
particle mesh Ewald method,?*® #*! with a real-space cutoff of 1.2 nm. The same cut-off was
applied to Van der Waals interactions. Temperature control was achieved with the velocity

t,222

rescaling thermostat,”*~ using a coupling constant (sT) of 0.6 ps, while pressure was maintained at

t223

1 bar using the Berendsen barostat~ with isotropic coupling and a time constant (tP) of 1 ps.

All structural analyses and molecular visualizations were performed using Visual Molecular
Dynamics (VMD)?** and ChimeraX software. The determination of the assembly fraction was
performed using a homemade Python script, which considered the total number of hydrogen bonds
at each simulation time (calculated with the GROMACS hbond tool) and normalized them with

respect to the theoretical maximum number of bonds.
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2.10 Simulation Analysis

Each peptide model was aligned based on the CA atoms of the backbone to conduct distance
measurements along the z-axis, only on the last 200 ns. The focus was on the cysteine residues of
each peptide, specifically the sulfur atom, and for those sequences without cysteine, the analysis
was conducted at the CA atom of the amino acid in the third position, which was the most common
position of cysteine in each of the sequences. To assess the degree of openness at each terminal
end of every peptide, the distance from the sulfur atom to the projection onto the z-axis passing
through the center of the three strands forming the peptide was measured. Consequently, the
distance from each sulfur atom in every chain was measured for each peptide, both at the upper
and lower ends, along the last 200 ns of simulation. Additionally, to capture the positional
fluctuation of each residue, the Root Mean Square Fluctuation (RMSF) analysis was performed
for each peptide, with the initial model serving as a reference point. Similarly, the Root Mean
Square Deviation (RMSD) was analyzed, indicating the average change in peptide structure during
molecular dynamics relative to the initial simulation point; for both analyses, the last 200 ns of the

simulation were also considered (see Figure S6).

2.11 Gelation Time Testing

Gelation time was calculated using fluid mechanics on an inclined plane.??>*?” The methodology
presented here was adapted from international standards used to measure oil-like products and
thickening agents on inclined planes for the purpose of finding the specific point where the liquid
loses its flow characteristics. As fluid viscosity increases, the velocity of the flow reduces until it
becomes static, indicating that the substance has transitioned from liquid to solid. The gelation

time was measured using a 22.5° inclined plane with 50 pL samples placed on the glass inclined
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plane. Sliding time and distance was recorded for up to 3 min (see Table S2) using a mounted
1080p HD iPhone 6 camera (software IOS 13.3) and the individual gel movement was tracked via
iMovie (10.4). Average times for all samples (n = 5) were reported. Printable STL files used in the
screening are available in https://figshare.com/s/f195a5a27ccfc9072225. Peptides 1 to 21 and
control CLP were evaluated at CMratio 0of 1.0, 3.0, and 4.0. All experiments were carried out in a
double-blind fashion. The operator and data analyzer had no information on the nature of the

sample being experimented or processed.

40 mm

Figure 2.1. 3D render illustrating the system used for determining gelation time. Schematic
representation illustrating the device and methodology used for evaluating gelation time using a
low volume approach. The render also includes an illustration for the changes (displacement) of
the material as a function of the time. Distance travelled was also used as a parameter to evaluate
gelation time. Reproduced from Ross et al. Advanced Functional Materials 2024.
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2.12 Transmittance

The absorbance and transmittance of the hydrogels was evaluated using a SpectraMax M2/M2e
microplate reader (Molecular Devices, USA). The hydrogels (20 uL) were placed on a 96-well
plate containing 150 uL of PBS, the absorbance was measured at a wavelength of 550 nm. As a
control, the absorbance of wells containing 150 puL of PBS was measured. The method for
calculating percent transmittance was: % Transmittance = 10 ~20soanc®) The peptides studied were

1 to 21, as well as control CLP at the CMaios of 1.0, 3.0, and 4.0.

2.13 Refractive Index Measurement

The refractive index was measured with an Abbemat 300 refractometer (Anton Paar, Canada) at a
temperature of 37 °C. The hydrogel samples were made on a glass slide and transferred into the

refractometer sensor where the nD index was recorded and reported.

2.14 Collagenase and Water Content

The stability of the hydrogels was assessed by soaking them in collagenase from Clostridium
histolyticum (Sigma-Aldrich, USA) at 5 Unit mL ™! in 0.1 M Tris-HCL Buffer containing 5 mM
CaCl, and measuring their loss of mass over time.®! Percentage of residual weight was calculated
as: residual mass (%) = W(total)/W(initial). The calculation of water content was evaluated by

comparing the mass of the casted hydrogel against the lyophilized mass.

2.15 Lap-Shear Test

A modified American Society for Testing and Materials (ASTM) F2255-05 standard was utilized

to conduct this test. This was performed at a pace of 10 mm min~' on an Instron 3342 universal
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testing machine (Instron, USA) and analyzed using INSTRON Series IX/S (Instron, USA)
software. The samples consisted of applying the hydrogel to a 0.5 cm? section of pig skin. The

force and strain of each sample were recorded as it was pulled to failure.

2.16 Viscosity

The viscosity of each formulation was measured using a Brookfield viscometer with an RCT-25-
1 spindle. The micrometer ring of the rheometer was first set to zero and then the measuring head
was lowered to the zero position. The spindle was tightened and then the micrometer was set to
the measuring point (M) allowing for 50 pm of space between the spindle and the bottom plate.
Equal volumes of peptide-5 solution and 8-arm PEG maleimide (100 pL total) were mixed and
added to the center of the plate. The spindle was fully lowered, and excess sample was removed.

The viscosity was measured between 0-200 s™! shear rate at 25 °C using Rheo3000 v2 software.

2.17 Denaturation Temperature

The thermal properties of the gel were measured via differential scanning calorimetry analysis
with a DSC-Q200 (TA instruments, USA). 8-10 mg of sample of the various CMiaio were
evaluated. The samples were equilibrated at 20 °C and then ramped up at 20 °C min"! to 100 °C,

and the total heat flow was recorded. The calibration standard used was Indium.

2.18 Material Porosity

Pore size was measured using a standard cryo-scanning electron microscopy (SEM) protocol
previously established.®! Briefly, samples were freshly prepared and flash-frozen with liquid
nitrogen before being loaded into a Tescan Vegall XMU (20 kV) under = 35 Pa pressure with a

=50 °C cryostage. SEM images of hydrogels were captured at different magnifications. This
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method of rapid freezing and measurement helps to preserve the material's structure and pore size
before processing.??® Hydrogel pore diameter was calculated from the average pore area observed

in different regions of the gel using Fiji software.

Gg =8.71pm

63 =926 pm

' 4® e LGN © S«

Yot

SEM MAG: 1.00 kx  SEM HV: 20.00 KV VEGA\ TESCAN
Det: BSE WD: 10.21 mm 50 pum v

Figure 2.2. Fiji method of measuring pore size. Using the diameter tool, 50 measurements
were taken from four independent sites per formulation.

2.19 Photo-CLP cytocompatibility

The cytotoxicity of the hydrogel was investigated using in vitro using a human skin fibroblast
(HSF) culture. For 2D cytocompatibility, the hydrogels were prepared and then sterilized by
incubation in 70% ethanol for 5 min, UVA exposure for 20 min, and washing with sterile PBS
several times before being added to the tissue culture plate wells.??* HSF were maintained in

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) media supplemented
43



with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin until 90% confluency.
After 24 h, the live/dead assay was performed. Briefly, HSF were stained using a Calcein-AM and
Ethidium Homodimer-1 viability kit (Fisher Scientific) according to the manufacturer's
instructions. For the positive control, cells were treated with 10% dimethyl sulfoxide (DMSO) for
24 h and then 70% Ethanol for 30 mins before the live/dead assay. For 3D cytocompatibility tests,
HSF cells were trypsinized, counted, and resuspended in serum-free DMEM. The cell suspension
was mixed with Pep 10 in 1x PBS and 20 mM LAP to produce a peptide-based hydrogel at 5%
w/v containing 4 x 10° cells/mL. LAP allowed the use of short UVA-irradiation times (5 to 60 s)
to yield hydrogel formation in a 96 well culture plate (Corning cat# 3595). Culture medium was
then immediately added. Each condition was performed in triplicate, and three random images
were taken for each experimental group. Stained cells were imaged by fluorescence microscopy.

Total cell numbers were calculated using ImagelJ2 software (NIH, USA).

2.20 Wound Closure and Mechanical Strength

A modified ASTM F2458-05 test measured tissue adhesive and sealant wound closure strength.?*°
All animal care and procedures were performed in strict compliance with protocols approved by
the Institutional Animal Care and Use Committeeat the University of Ottawa Heart Institute. Skin
samples were obtained from a cohort of male and female C57BL/6 mice (Charles Rivers
Laboratories, Canada). The mouse skin was partitioned into strips of 30 +£ 5 mm length, 5 + 0.5
mm width, and 0.7 = 0.2 mm thickness. A surgical blade was then used to completely sever the
samples at mid-length and simulate a wound. The simulated wound was treated with 30 puL of
hydrogel sample to bond the severed skin pieces back together. A few drops of PBS were applied
to the ends of the skin strips every 5 min until testing to prevent the mouse skin from drying out.

The hydrogel-bonded mouse skin was clamped on an Instron 3342 universal testing machine
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(Instron, USA) at a 5 mm distance from the simulated wound. The Instron transductor sensor
Model 2519 — 101 (Instron, USA) was used to record the formulation's resistance force during the
tensile test at a crosshead speed of 5 mm min~! until material failure. For the control group, the
same clamping procedure was used but with an uncut skin sample. Young's modulus and strain %
were obtained from the stress-strain graphs. Young's modulus calculations were carried by Instron

Series IX/s advanced material tester — version 8.30.

For compressive testing, the same Instron machine was used with ASTM D695 standards.?*!
Cylindrical hydrogel samples were compressed at 5 mm min'. The compressive modulus was

calculated from the initial linear section of the stress-strain curves.

2.21 Design and 3D Printing of the Hand-Held Device and Nozzles

All 3D printed components were designed using Solidworks (Dassault Systéme) and printed on a
Form 3B Stereolithography 3D printer (Formlabs). The structural components for the handheld
device were printed using Black Resin V4 (RS-F2-GPBK-04) while the mechanical components
were printed using Durable Resin V1 (RS-F2-DUCL-02). For the nozzles, the topical mixer was
printed using Flexible 80A Resin V1 (RS-F2-FL80-01) while both injection mixers were printed
using Clear Resin V4 (RS-F2-GPCL-04). All components for the hand-held device were printed
at a resolution of 100 um while the nozzles were printed at a resolution of 50 um with
automatically generated supports then washed using isopropanol and cured with a combination of
UV light and heat treatment. In https://figshare.com/s/f195a5a27ccfc9072225 printable STL files

are made available at no cost.
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2.22 SKkin Incision Sealing Model

C57BL6 female mice (12—14 weeks, weighing =~ 22-25 g; Charles River Laboratories) were
housed in groups of five until surgery. All animal care and procedures were approved by the
University of Ottawa Animal Care Committee and performed in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals. Before surgery, mice were
given an epidural injection of buprenorphine and put under using general anesthesia (2.5%
isoflurane). Dorsal hair was shaved, and the skin was prepared using ethanol swabs. Then, 1-cm
full-thickness incisions were made on the back of each mouse using sterile scalpel blades (#15;
Integra Miltex).?*? For suture-closed incisions, four evenly spaced simple interrupted knots were
used to close a 1-cm incision using 7-0 nylon suture (#*SN5699G; Medtronic; Monosof Black 18"
P-13 cutting). For the BioGlue control, 48 pL of bovine serum albumin and 12 pL of
glutaraldehyde were topically applied to the incision site as specified in the manual. For the
peptide/PEG-maleimide formulation, 30 pL peptide-5 and 30 uL of PEG-maleimide were mixed
and topically applied to the incision site using a custom-made nozzle tip (CMatio 4.0). The mice
were allowed to recover on heating pads until mobile and were housed individually. Incisions were
assessed on days 1, 3, and 7 post-surgeries for any signs of infection, suture removal, or bleeding,
and mice with any of these conditions were removed from the study. After harvesting of the skin,
strips of 30 + 5 mm length, 5 + 0.5 mm width, and 0.7 £+ 0.2 mm thickness were used for mechanical

testing.

2.23 Histology

Skin tissue from the wound site was fixed in 4% paraformaldehyde for 72 h. Then, skin samples

were washed and embedded in paraffin. Hematoxylin and eosin (H&E) staining was done
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according to the standard protocol provided in a Leica Autostainer XL (Leica Biosystems, Buftalo
Grove, IL). Skin epidermal thickness was measured at six different points along the wound site
using Fiji and the average thickness was calculated for each mouse wound.?** Masson's trichrome
stains were done manually using a standard protocol with the Trichrome stain kit (Sigma-Aldrich,
St. Louis, MO). To determine the area of blue stained collagen in Masson Trichrome images, a 400
um x 400 um region was selected inside the wound region using Fiji. Then, the collagen area for
each skin section was calculated by taking the blue stained area and dividing it by the total selected
area.”** For immunohistochemistry, tissue sections were deparaffinized and washed with PBS and
citric acid. Sections were blocked with goat serum and incubated at 4.0 °C with the specific
primary antibody: Ab64693 (1:200) for CD206. Further labeling was performed with specific
secondary antibodies: AF488 anti-rabbit secondary (ThermoFisher, A-11008 at 1:500 dilution).
The fixed cell nuclei were subsequently stained with 4',6-diamidino-2-phenylindole (DAPI).
Images of the samples were obtained under a microscope, with each section taken at 10x and 40%

magnification, respectively.

2.24 Ex Vivo Pig Cornea Model Mounting

Pig eyes were obtained from certified local farms. Freshly harvested eyes were transported in an
ice bucket and processed the same day. Eyes were disinfected in iodine-polyvinylpyrrolidone
(PVP, 10%) for 2 min and then transferred to sterile 0.1% sodium thiosulphate solution for 1 min
before immersion in sterile saline solution for 2 min. Using a scalpel blade, a small (5-8 mm)
incision was made at the equatorial and carefully extended by 360° around the entire eyeball while
avoiding perforation of the underlying choroid layer. Once the cut was made, the ciliary body-
choroid was pulled downwards using forceps to avoid touching the corneoscleral disk. The

corneoscleral disk was held in place using a pair of tweezers and the retina was peeled off the
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inside of the corneoscleral disk using another pair of tweezers. Then, the corneoscleral disk was
rinsed with PBS and placed in DMEM media containing 10% FBS, 1% Gentamicin antibiotics,
and HEPES 15 mM. The corneoscleral disk was placed on the base of the perfusion chamber (size
18 mm, 45° angle).?**> The chamber was twisted clockwise while maintaining downwards pressure
on the chamber base to prevent sliding of the cornea and to tightly seal it in place. The chamber
was then filled with DMEM media with 5% dextran using two syringes attached to two irrigation

ports that were then attached to maintain an intracorneal pressure within the physiological range.

2.25 Injection of Material into Pig Cornea

Following the dissection and mounting of the cornea on the ex vivo perfusion chamber, a 6 mm
biopsy punch marked with hydrophobic pen ink was used to gently mark the central corneal surface
(apex). A 2 mm incision was then made at the edge of this mark to initiate the dissection of an
intrastromal tunnel, which was carefully enlarged using a crescent knife to create an intrastromal
pocket under the marked corneal surface. For intrastromal injections, each cornea was slightly
deflated and 30 pL of the peptide-based material or Viscoat was injected into the stromal pockets.
Optical coherence tomography (OCT) imaging of injected corneas at 3 timepoints (before gel
injection, after gel injection, and at 24 h) was done to assess the ability of the gel to remain constant

in the corneal stroma. This was done by measuring the gel thickness in Fiji.

For the cornea reshaping experiments, corneal topographic images were taken using the CT-1000
optical coherence topographer and used to measure the change in corneal curvature before and
after the injection of the peptide-based material or Viscoat. Measurements of corneal curvature
were taken from two average K values of steepest meridian and the one perpendicular to it. Images

were taken of the natural eye curvature before injection, with a pocket, after the injection, and of
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the injection with a rigid contact lens (Centracone). Intraocular pressure was held at a maximum

across all images, and the natural lubrication of the eyes was mimicked with saline and glycerol.

2.26 Burst Pressure Testing of Treated Pig Corneas

The same procedure to dissect and mount the pig corneas described above was followed. A
perforation was created using a 4 mm biopsy punch at the corneal apex going halfway through the
cornea. Following this, a 2 mm biopsy punch was inserted in the middle of the 4 mm perforation
to fully penetrate the cornea. Treatment was applied to fill the perforation and the Luer locks of
the cornea chamber system were sealed. The flow rate on the syringe pump was set to a steady rate
of 18 mL h™!, and the pressure was monitored until the pressure peaked due to the cornea bursting

at the sealed perforation site. Windaq data acquisition software was used to monitor the pressure.

2.27 CLP-PEG In Vitro Human Cardiac Endothelial Cell Culture and Viability Assay

Human cardiac endothelial cells (HCECs) were cultured in tissue culture plates for 24 h and
maintained in HCEC media (Sigma, C22022). The injectable PEG-Pep-5 hydrogel CMuatio 1.0
formulation was pre-cast in two sterilized glass slides in a humidity box and in a 4 °C for 24 h.
HCECs (1x 10* cells per well) were seeded on top of PEG-Pep-5 hydrogel pieces after washing
with PBS in a 96-well plate. After 24 h, HCECs were stained using a Calcein-AM and Ethidium
Homodimer-1 viability kit (ThermoFisher Scientific, Cat#L.3224) according to the manufacturer's
instructions. Stained cells were imaged by fluorescence microscopy, and nine random images were
taken for each experimental group. Total cell numbers were calculated using ImageJ] software

(NIH, USA). Each condition was performed in triplicate.
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2.28 Myocardial Infarction Model and Intramyocardial Injection

All animal care and procedures were approved by the University of Ottawa Animal Care
Committee and performed in accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals. MI was induced in 8-week-old C57BL/6 female mice (Charles
River) and treatment delivery was performed using a previously established intramyocardial
injection protocol.®! Briefly, mice were anesthetized (2.5% isoflurane), intubated, and the heart
was exposed via a fourth intercostal thoracotomy. The left anterior descending coronary artery was
then ligated just below its emergence from the left atrium. At 1-week post-MI (baseline), mice
were randomly assigned to receive one of 2 treatments: (1) PBS (control) and (2) Pep-5-PEG
CMuatio 1.0. The treatment was administered in five equivolumetric intramyocardial injections (10
pL each site, 50 pL total) through a G27 needle using a minimally invasive echocardiography-
guided closed-chest procedure. Mice were euthanized by terminal anesthesia at 4 weeks post-

treatment and hearts were collected for histological analysis.

2.29 Echocardiography and Strain Analysis

Transthoracic echocardiography was performed on parasternal long-axis views using a Vevo3100
system in B mode with a MX400 series real-time microvisualization scanhead probe and analysis
performed with its accompanying Vevo LAB 3.1.1 software (VisualSonics). The imaging was
carried out at 7 days (right before the treatment) and 4 weeks post-MI. To assess contractility,
cardiac strain analysis was performed through the longitudinal axis. The longitudinal endocardial
strain at the time of aortic valve closure (AVC, representing end systole) in segment 6 (anterior

apex segment), corresponding to the infarct zone area, was calculated. Results for both
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echocardiography and strain analyses were averaged from the analysis of two researchers blinded

to the treatment groups.

2.30 Ex Vivo Imaging of CLP-PEG Hydrogel

The Pep-5-PEG hydrogel was labeled by adding Alexa-Fluor594 dye (25 nmol of dye per
hydrogel) to the mixture prior to injection to the infarcted mouse heart, as described above.
Animals were sacrificed at 2 and 7 days after treatment, and hearts were harvested and imaged ex
vivo by IVIS Spectrum (PerkinElmer) to visualize Pep-5-PEG hydrogel retention within the hearts

O\texcitation: 570 nm; Aemission: 640 nm).

2.31 Statistical Analysis

Statistical analysis was performed using KaleidaGraph or GraphPad Prism software. Statistically
significant differences between more than two groups were determined by one-way analysis of
variance (ANOVA) at a significance set at p<(.05. Statistical significance of data with two groups
was performed using a two-tail unpaired t-test set at a p<0.05. Data was reported as mean +

standard deviation.
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3.0 Results

3.1 Multipurpose On-the-Spot Peptide-Based Hydrogels for Skin, Cornea, and Heart Repair

The data presented in this section has been published as follows: A. Ross, X. Guo, A. Mercado
Salazar, S. D. Garcia Schejtman, J. El-Hage, M. Comtois-Bona, A. Macadam, I. Guzman-Soto, H.
Takaya, K. Hu, B. Liu, R. Tu, B. Siddiqi, E. Anderson, M. Mufioz, P. Briones-Rebolledo, T. Ning,
M. Griffith, B. Rotstein, H. Poblete, J. Li, M. Ruel, E. J. Suuronen and E. I. Alarcon. Multipurpose
on-the-spot gelling peptide-based engineered materials for skin, cornea, and heart repair. Adv

Funct Mater 2024;34:202402564.

3.1.1 Brief Introduction to the Results for Aims 1 and 2

Herein, a low-volume rapid screening approach to identify candidate self-assembling peptide
structures for building "on-the-spot" adhesive biomaterials with tunable mechanical properties
ranging from 1 to 100 kPa in strength was used. The engineered peptide sequences feature a
glycine-flanked cysteine at each terminus; this specific molecular orientation was designed to
reduce steric hindrance during network formation, ensuring that the reactive sulthydryl groups

remain accessible despite the bulk of the triple-helical trimer.

As a structural polymeric backbone, polyethylene glycol, an FDA approved synthetic polymer,?*
with demonstrated safety and stability, was utilized. Long-chain, multi-armed PEG architectures
bearing terminal maleimides were selected to facilitate the efficient formation of polymeric
networks. By leveraging a Michael-addition reaction between these maleimide groups and the
peptide sulthydryls at physiological pH, rapid formation of adhesive 3D structures was achieved.

This material design is unique in its integration of dual reinforcement mechanisms: covalent
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chemical bonding and hierarchical molecular assembly. This biomimetic approach mirrors the
strategies found in native tissues to maintain mechanical stability and structural integrity.?*’

Furthermore, this specific chemistry minimizes potential cross-reactions with host proteins in vivo

compared to more reactive groups like acrylamides, resulting in stable, long-term covalent

bonds 238,239

While the concept of "on-the-spot" peptide-PEG assembly is straightforward in principle, the
practical implementation requires navigating complex structural and chemical constraints that
often necessitate challenging peptide synthesis. The screening process allowed for the high-
throughput evaluation of over 200 formulations across more than 20 distinct peptide sequences.
This systematic interrogation was essential to identify the optimal candidate for clinical translation.
Optimal peptide sequences were identified as those that: (1) formed a triple helix in solution and
showed stability at physiological pH (7.4) and temperature (37 °C); (2) showed suitable gelation
times, e.g., 15-120 s; and (3) formed 3D materials with suitable physical properties for use in soft
tissue repair (e.g., transmittance, refractive index, denaturation temperature, water content, and

resistance to collagenase degradation).

3.1.2 Peptide Engineering and Validation

Collagen is the most abundant protein in the human body, serving as the primary structural scaffold
for tissues ranging from mineralized bone to highly vascularized myocardium.*® The immense
diversity in the mechanical properties of these tissues is a direct consequence of the unique
nanosized triple-helical structure of collagen and its ability to macro-assemble into higher-order
fibrils.®> ¥ Mimicking this supramolecular assembly is possible through the use of CLPs, where

the repeating trimer sequence Proline-Hydroxyproline-Glycine may be utilized to drive triple-helix
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formation. While it is well-established that more than four POG repeats are required to yield a
stable helix, the process remains dynamic and is often thermodynamically favored when the CLP

is conjugated to a polymeric backbone, which stabilizes the folded state.’> %7

The generated peptide library included 21 CLP sequences, including a reference collagen peptide
previously utilized in implantable cornea development (Table 3.1).!°® The POG unit was selected
as the repetitive building block due to its superior ability to stabilize the triple helix through an
extensive network of inter-chain hydrogen bonds.?*’ The synthesized sequences ranged from 18 to
38 amino acids in length (see Table S1 for mass spectrometry and crude purity data). To minimize
steric repulsion and increase reactivity in peptides containing cysteines, unless otherwise
mentioned, each cysteine residue was flanked by two flexible glycine residues that allowed the
sulfhydryl group to move in space.?*! Further, in designing the peptide sequences, using terminal
cysteines was avoided as this could make synthesis challenging and increase the cost.?*? Thus, the
GCG motif was added to each end of the peptide sequences with the repetitive POG unit, from

(POG)4 (Pep-1, 18 amino acids) to (POG)1o (Pep-7, 36 amino acids; see Table 3.1).

Notably, the addition of two cysteine residues did not result in significant formation of dimers in
solution (Figure S1). In phosphate buffer (pH 7.4), the availability of free sulthydryl groups was
found to be greater than 90%, comparable to free L-cysteine (Figure S2). First, the impact of
peptide length on the ability of the CLPs to maintain a stable triple helix at human physiological
temperature was assessed. Analysis of the melting curves revealed that increasing the sequence
length led to more pronounced cooperative melting transitions, confirming the formation of a
stable, folded tertiary structure (Figure S3). To assess the functional impact of changes in the
peptide sequence on 3D structure assembly when using nucleophilic Michael-addition to PEG-

maleimide, a series of peptide sequences were designed and synthesized using Pep-5 as a building
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block as it is cost-effective, has >70% crude yield (Table S1), and displayed a cooperative melting
behavior (Figure S3). Table 3.1 summarizes the main modifications for this group of peptide

sequences (Pep-8 to Pep-21).
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Sample Sequence Sequence structural features Rpn? Tm (°CC)P
4 POG titi it taining t lyci
Pep-1 NH>-GCG(POG)sGCG-OH repelitive units confaiming two glyeine 35 4 0005 44.1+0.8
flanking cysteines at each end
5 POG titi it taining t lyci
Pep-2 NH2-GCG(POG)sGCG-OH FEPELITIVE LTS COMAIMNg WO BIYCINC 6 0344 0.001  49.0+ 1.0
flanking cysteines at each end
6 POG titi it taining t lyci
Pep-3 NH>-GCG(POG)sGCG-OH repelitive units confaming two glyeine 25+ 008 52.0+ 2.0
flanking cysteines at each end
7P titi it taining t lyci
Pep-4 NH>-GCG(POG):GCG-OH OG repetitive units contaming two glycine o)\ 003 541404
flanking cysteines at each end
p .. : .. Ivei
Pep-5 NH:-GCG(POG)sGCG-OH 8 POG repetitive units containing two glyeine ) oo o 600 59.043.0
flanking cysteines at each end
9p titi it taining t lyci
Pep-6 NH»>-GCG(POG)sGCG-OH OG repetitive units contaming two glycine 1o, 06> 64,0+ 4.0
flanking cysteines at each end
10P . . . Ivei
Pep-7 NH:-GCG(POG)1GCG-OH 0 POG repetitive units containing two glyeine ) oo, 1 501 50,0+ 1.0
flanking cysteines at each end
Replacing amino terminal cysteine with
Pep-8 NH>-GGG(POG)sGCG-OH glycine in the 8 POG repetitive containing  0.113 +£0.001 61.9+0.4
sequence
Replacing carboxy terminal cysteine with
Pep-9 NH>-GCG(POG)sGGG-OH glycine in the 8 POG repetitive containing  0.118 £ 0.002 494 +0.2
sequence
Replaci th cystei ith glycine in th
Pep-10 NH>-GGG(POG)sGGG-OH eplacing both cysteines with glycine inthe 8 )\ 00> 559202
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Pep-11

Pep-12

Pep-13

Pep-14

Pep-15

Pep-16

Pep-17

Pep-18

Pep-19

Pep-20

NH,-GGG(POG)3(PCG)2(POG);GGG-OH

NH,-GGG(POG)2(PCG)(POG)sGCG-OH

NH,-GCG(POG)s(PCG)(POG):GGG-OH

NH2-GGG(POG)2(PCG)(POG)2(PCG)(POG)2GGG- Both cysteine shift to centre of sequence in the

OH

NH>-GCG(POG)sPOV(POG);GCG-OH

NH,-GCG(PPG)sGCG-OH

NH,-GC(POG)sCG-OH

NH,-GCV(POG)sVCG-OH

NH,-GCR(POG)sRCG-OH

NH,-GCC(POG)sCCG-OH

Cysteine shift to middle of sequence in the 8

. . 0.054 £ 0.002
POG repetitive containing sequence

Amino terminal cysteine shift to centre of
sequence in the 8 POG repetitive containing 0.078 += 0.001
sequence

terminal cysteine shift t tre of th
Carboxy ermma. c.ys eine s' 1 ocentre of the 0. | 044,
8 POG repetitive containing sequence

0.074 +£0.003
8 POG repetitive containing sequence

Disrupting folding by replacing one POG by
POV at the centre of the sequence inthe 8  0.028 £ 0.001
POG repetitive containing sequence

Disrupting folding by replacing
hydroxyproline with proline in the § POG  0.007 + 0.001
repetitive containing sequence

Removing glycine spacer in the 8 POG

" .. 0.080 + 0.002
repetitive containing sequence
Replaci lyci ith vali in th
eplacing g ycm.e. with va 1‘n.e as spacer in the 0.055 4 0.001
8 POG repetitive containing sequence
Replaci Ivei h areini .
eplacing g ycmg Wl arglgll?e asspacerin o o1 0001
the 8 POG repetitive containing sequence
Multipl tei id t both ends in the 8
ultiple cysteine residues at both ends in the 0.062 4 0.001

POG repetitive containing sequence
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43.1+0.7

50.7+0.3

50.5+0.3

39.0+0.3

45.0+2.0

43.0+2.0

58.0+2.0

65.0+3.0

65.0+4.0

51.4+0.6



NH2-GCG(POG)2(PCG)(POG)2(PCG)(POG)GCG- Multiple cysteine residues at ends and middle

) + 0. 479 + (.
OH in the 8 POG repetitive containing sequence 0.055 +0.003 7.9+0.3

Pep-21

CLP NH>-CG(PKG)4(POG)4(DOG)4-OH Control peptide 0.071 £0.009 42.0+1.0

a) Peptide concentration: 200 uM; PBS is phosphate buffered saline (1.0 mM) pH 7.4 at 25°C.
b) Representative melting curves are included in Figure S3 (Supporting Information).

Table 3.1. Sequences, including structural features, ellipticity, and denaturation temperature for on-the-spot peptide sequences
prepared in this study. Further characterization of the peptides can be found in the Supplementary Information (Table S1). To facilitate
visualization of the structural changes carried out, POG repetitive sequences and C residues are bolded in black and red, respectively.
Peptide concentration: 200 uM; PBS is phosphate buffered saline (1.0 mM) pH 7.4 at 25 °C. Reproduced from Ross et al. Advanced

Functional Materials 2024.

58



To differentiate between the triple-helix conformation and the poly(Pro)-II helix conformation,
the Rpn parameter was utilized (defined as the ratio of the 225 nm to the 200 nm circular dichroism

signal).?*

While poly(Pro)-II helices exhibit negligible Rpn values (<0.005), native collagen
typically displays values = 0.12.2% Pep-1 to Pep-8 presented Rpn values > 0.035 £ 0.004, which
corresponds to = 50% of the Rpn value measured for the CLP control sequence (= 0.071). Further,
the structural G-X-G(POG),G-X-G motif, with X being G or C, and n > 7 results in Ry, values

larger (0.087—-0.084) than those measured for the control CLP, which was previously shown to

assemble into a triple helix.>**

Upon screening of the different lengths, sequences Pep-5 and Pep-6 showed the best ellipticity and
higher denaturation temperature. The need for having the structural POG repetitive unit to yield
highly elliptical peptides is illustrated when the POG repetitive unit is replaced with POV (Pep-
15) or PPG (Pep-16), for example. In peptides whose peptide ellipticity is disrupted, such as Pep-
15 that bears a single G to V substitution, there is no cooperative denaturation behavior, which
aligns well with the low Rpn value of 0.028. Similar results were observed for Pep-16, which has
the lowest Ry, value (0.007) of the peptides synthesized. Pep-5 increased its Ry, value as a function
of the peptide concentration, similar to the control CLP (Figure S4). The observed concentration
dependence of the Ryn value and denaturation cooperativity is significant, as it suggests an
intermolecular, multi-chain process that mimics the cooperative assembly of native collagen.
Further, the presence of cysteine decreases the peptide packing as seen by comparing the ellipticity

of Pep-5 versus Pep-10.

Molecular dynamics (MD) calculations suggested that Pep-5 exhibits a divergent packing profile
compared to the rest of the screened library. This is likely a synergistic effect of the internal

cysteine residues and the specific length of the POG chain (Figure S5). Root Mean Square
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Fluctuation (RMSF) analysis (Figure S6) revealed that while most of the peptide remains stable,
Pep-5 exhibits significantly higher positional fluctuations at the N-terminus (residues 1-5), where
the reactive cysteine is located. However, despite this fluctuation, Root Mean Square Deviation
analysis of the entire peptide over the simulation time demonstrates high structural stability in all
peptides, indicating for Pep-5 that this open conformation at the upper end is kept over time,
potentially increasing the availability of the sulthydryl group for subsequent crosslinking

reactions.

In summary, the foundational peptide sequences, in particular Pep-1 to Pep-8, present suitable self-
assembling properties for testing their ability to form on-the-spot hydrogels for soft tissue and
organ applications. In the next section, the rationale and main findings for the preparation and

testing of hydrogels using the peptide library developed herein is presented.

3.1.3 Fabrication of 3D Materials for Soft Tissue Repair

The hydrogel design is centered on a multi-arm polyethylene glycol polymer, crosslinked in situ
through bio-orthogonal reactivity with engineered self-assembling peptides. PEG is a hydrophilic,
cytocompatible polymer with extensive FDA approval, making it an ideal candidate for clinically
translatable scaffolds.?*® 24524 As the PEG molecule itself possesses little chemical reactivity, a
multi-armed maleimide functionalized (PEG-maleimide) version of this polymer to allow in situ
assembling into a 3D material was used. Maleimide was selected as the electrophilic Michael-
addition acceptor due to its superior kinetic profile and higher reactivity compared to other
common groups, such as acrylamides.?*® Rapid kinetics are important to create a gel within a
clinically relevant timeframe and to ensure complete reactivity to minimize cross-reactions upon

application to the tissue.
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For the nucleophilic Michael-addition donor, the sulthydryl group of the natural amino acid
cysteine was chosen for its ability to selectively and rapidly form stable Michael adducts.? 2%
The peptide design, which incorporates two or more cysteine residues per strand (Table 3.1),
enables high-order network dynamics. Specifically, if each CLP monomer reacts with two PEG-
maleimides, the subsequent assembly of three monomers into a triple helix brings together six
potential PEG handles. This creates unique network dynamics that result in the rapid formation of
a durable, cytocompatible gel for tissue engineering. It is important to note that these large trimer

structures are susceptible to steric hindrance; consequently, the removal of glycine spacer residues

leads to significantly less efficient network formation and tissue bonding (Figure S7).

A simplified schematic of this peptide-PEG assembly and the low-volume screening strategy is
provided in Figure 3.1A. A critical factor in this assembly is the stability of the maleimide handle
in carbonate buffers due to its susceptibility to hydrolysis. While maleimide exhibits moderate
stability at pH 7.4, it remains stable for up to 90 minutes at 4.0 °C (Figure S8). Therefore, the
experimental protocol involves keeping the reagent solutions on ice until application to the tissue,
at which point physiological temperatures trigger rapid gelation. Furthermore, having the
hydrogels formed within 1/10th of the half-life of the maleimide in solution (i.e., < 5 min) was
used to minimize potential side reactions. During the screening process (Figure S9), the material's
properties were evaluated across three different peptide:PEG-maleimide ratios (CMatio): 1.0, 3.0,
and 4.0. For peptides bearing two cysteines, a CMiio of 4.0 represents a stoichiometric balance

where maleimide and cysteine residues are equimolar.
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Figure 3.1. Engineered peptides for on-the-spot soft tissue repair. A) Left: schematic depiction for the strategy used in this study for
the in situ assembling of the materials. Assembly of the hydrogel takes place within minutes at room temperature. Some of the key
chemical motifs of the material components are depicted at the bottom of the schematic. Right: flow diagram showing the tests used to
screen material formulations. This methodology was designed to narrow down the number of candidate formulations. B—-H) Heatmaps
are used to display changes in the properties measured following the schematic in Figure 3.1A. Each figure contains a colour scale
illustrating changes in the parameters of materials with different CM:aiio and peptide formulations (abbreviated as Pep, raw data available
in Table S2, n = 5) for: (B) Left: gelation time (s) and Right: representative still images of two selected peptide formulations (50 pL,
CMuaii0 of 4.0) taken at 0, 30, and 45 s after positioning the samples at a 22.5° inclination. Scale bar is 2 mm; (C) Transmittance (%);
(D) refractive index; (E) denaturation temperature (°C); (F) water content (%); (G) collagenase degradation (mg h™!); and (H) Lefi: ATR-
FTIR (with the respective deconvoluted Gaussian fit) spectra of selected peptides at CMaiio 1.0, where the light blue peaks correspond
to the different Amide I signal of each peptide, and the light red and violet peaks correspond to the C = O and C = C of PEG-MAL,
respectively. Experimental details are in the Materials and Methods and the Supplementary Information. Reproduced from Ross et al.
Advanced Functional Materials 2024.
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To identify the most promising peptide candidates for in situ gelation, a rigorous multi-parameter
screening process based on clinically relevant benchmarks was established. To select peptides that
would allow for rapid in situ gelation, a gelation time cut-off was set at a maximum of 120 s, with
any formulations (CMuasio 1.0, 3.0, or 4.0) exhibiting longer gelation times removing the peptide
from further consideration. As illustrated in the heatmaps in Figure 3.1B, these kinetic constraints
reduced the pool of candidates to seven; see Figure 3.1B whereby heatmaps are used to illustrate
the findings. These cut-offs (seen as <15 s, beige, and >120 s, dark blue) reduced the number of
peptide candidates to 7, as some peptides, such as peptides 810 with <2 cysteine residues per
molecule, would gel very slowly and other candidates, such as peptides 19-20 with >2 cysteine
residues per molecule, would gel very quickly (<15 s). Figure 3.1B also depicts representative
images of small drops (50 pL) of the formulations prepared at CMaiio 4.0 on a 22.5° inclined
surface taken at different timepoints; 0 s, 30 s, and 45 s. The images illustrate that the material
prepared using Pep-10 remains viscous for +120 s compared to the Pep-5 that rapidly becomes a
gel (= 30 s). Gelation time was also measured using water applied with a nebulizer to create a wet
surface. The gelation time measured on a wet surface (20 £+ 11 s) was significantly faster than on
the dry surface (55 + 28 s) and comparable to the CMatio 1.0 gelation time (33 £ 1.0 s), one-way
ANOVA. The alteration in measured gelation time is likely due to a combination of the surface
water diluting the solution to achieve an effective lower CMaiio as well as the surface properties

of the glass slide being altered by the presence of water.

Target values for other evaluated parameters (also illustrated using heat maps) include:
transmittance > 85%, comparable to human cornea (Figure 3.1C);?*’ thus removing peptides 6, 7,
and 17 from consideration. A refractive index < 1.380, like human cornea (Figure 3.1D), was used

as additional criteria for selection;?*® thus peptide 15 was eliminated. Additional parameters
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include: a denaturation temperature > 45 °C, which is the highest temperature ever measured in a

).249
2

human (Figure 3.1E water content >60%, a value that covers soft organs such as skin, cornea,

and heart in human adults (Figure 3.1F);>% 2!

and stability in type I collagenase solution, i.e.,
degradation of <5.0 mg h™! which is the degradation rate for a 1.0% collagen hydrogel in solution

(Figure 3.1G).

FTIR analysis for the best hydrogel candidates was also carried out using a Gaussian fit of the
Amide I region and compared with the pure peptides (see Supporting Information for more details).
A distinct peak appearing at 1650—-1675 cm™! was attributed to unreacted C=C bonds from the
PEG-maleimide. For hydrogels prepared with Pep-3, -4, and -5 at various CMatio levels, at a CMratio
of 4.0, the C=C signal was largely absent and replaced by the amide signal, indicating near-
complete conversion (Figure 3.1H, Figures S16-S18). Table S2 displays the tabulated data for the
heatmap plot results shown in Figure 3.1B—F. In summary, the low volume rapid screening process
allowed for the reduction in the number of potential peptide-based formulations from = 200 (each
formulation repeated at least in triplicate) to only 9 top formulations with peptides 3, 4, and 5 as

primary candidates for further testing.

To facilitate application of the hydrogels directly to the tissue, buffers were chosen that allow for
fast reaction in a pH range safe for cells, such as bicarbonate or Hank’s buffer (pH 7.0).>> The
materials showed hydrogel formation using all the buffers tested (see representative examples in
Figure S9). Alongside high light transmittance, the gels exhibited good visual transparency with
minimal scattering. Further, since the goal is to develop a clinically translatable material, the
physical properties of the material were optimized prior to hydrogel formation to allow delivery
viaa~400 um cannula (G27 needle) or in the form of a topical/superficial application. To precisely

deliver the intended volumes of peptide formulation, a handheld device was developed that can
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accurately deliver volumes ranging from 10 pL to 1.0 mL (Figure 3.2A). This handheld device is
equipped with interchangeable nozzle adapters, which were specifically designed for the different
applications reported here. Printable STL files for all components of the device are made available

at no cost in https://figshare.com/s/f195a5a27ccfc9072225.

In the case of the injectable versions of the materials, a lower viscosity was desired along with
shear-thinning properties, which are common in large polymer networks like the material is

composed of >

To assess these properties, viscosity measurements were performed. The lower
concentration CMatio 1.0 formulation had a much lower viscosity at 100 s™! shear rates (3.8 + 2.4
and 20 + 9.0 Pa s, for CMuutio 1.0 and 4.0, respectively), while demonstrating shear thinning
properties like other injectable materials such as Viscoat (= 4.0 Pa s) and was thus chosen for
injection applications. In the following sections, proof of concept experimental data is presented

for assessing the feasibility of using the material for skin wound closure, for treating cornea

perforations, in situ cornea reshaping, and as an injectable intramyocardial material.
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Figure 3.2. Peptide-based materials can be used to bond tissues. A) Left: 3D renders of the custom-designed hand-held device for
delivering the peptide-based materials designed in this study. The render displays the main features of the device that include: (1)
dispensing on/off control, (2) enclosed compartment for placing peptide-cartridges (preloaded syringes), (3) aperture for nozzle adapters,
(4) camera port for live monitoring, and (5) digital controller screen for volume and speed settings. Right: three representative nozzles
designed for the hand-held device presented herein for topical application (left), cornea sealant delivery (middle), and intratissue
injection (right). B) Schematic depiction for the procedure followed to assess skin bonding in a full-thickness incision. Bonded tissue
was assessed using uniaxial mechanical stretching tests perpendicular to the wound. Bonding strength was measured an hour after
application for Figures 3.2C, D, and E. C) Mechanical strength (kPa), also known as wound closure strength test (ASTM F2458),
measured for murine skin tissue after application of peptide-based formulations CMatio 4.0 (10 mm min~' extension) for top peptide-
based hydrogels prepared using peptide 3, 4, and 5. Values measured for applications of BioGlue® and the collagen-like peptides (CLP)
are also included in the plot (n = 7-8). D) Mechanical strength (kPa) for murine skin tissue measured using the 4.0 ratio at two different
dilutions (2 and Y4; n = 3-5). E) Changes in bond strength as a function of time post-application (10, 30, and 60 min). Samples were
incubated at 37 °C in 100% humidity (n = 3-4). F) Left: illustration for lap-shear tests using porcine skin using a 10 mm min' extension.
The adhesion surface was fixed at 50 mm?. The adhesive (peptide-based formulation or BioGlue®) was applied within the two pieces
of skin. Right: adhesion strength values measured for the peptide-based formulation CMiio 4.0 and BioGlue® (n = 3-4, = 50 um
thickness for the peptide or BioGlue®). P-values for C, D, and F were calculated using One-Way ANOVA and a post-hoc Holmes
correction. P-values for F were calculated using a student t-test (unpaired unequal variance). Reproduced from Ross et al. Advanced
Functional Materials 2024.
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3.1.4 Peptide-Based Materials for Skin Wound Healing

The skin-bonding performance of the candidate formulations was initially evaluated through ex
vivo wound closure testing using murine skin (Figure 3.2B). In terms of the structure, murine skin
and human skin are similar. The difference is that murine skin has a thinner dermis and no sweat
glands, and wound healing occurs primarily through contraction, whereas human skin wounds
close by granulation tissue formation.?>* The results indicated that only the Pep-5 formulation
possessed skin bonding properties comparable to those obtained for BioGlue, a clinically used

255

tissue adhesive comprising 45% bovine serum albumin with 10% glutaraldehyde=> whose

mechanical properties remain constant within the screened timeframe (Figure 3.2C).

The superior bonding strength of Pep-5 was matched only by variants 19, 20, and 21, which are
variants of Pep-5 (Figure S10). However, the gelation for those peptides was too rapid, making
them impractical for on-the-spot tissue repair application. Furthermore, the findings indicate that
the structural properties and amino acid sequence of Pep-5 are critical for functional tissue
bonding, as the effectiveness of these gels is affected by the self-assembly of the peptide chains.
Thus, for example, removal of a cysteine from either side of the peptide (Pep-8 and -9) results in
a bonding strength of only a few kPa while removing both cysteines (Pep-10) results in no gelation.
Disruption of folding with a Gly-Val substitution in the middle of the sequence (Pep-15) results in

a significant loss of = 50% in bonding strength.

In addition to folding, CMiio and concentration are vital determinants of performance; utilizing a
lower CMiatio of 1.0 or diluting the 4.0 formulation significantly weakened the resulting bond
(Figure 3.2D). For the optimized CM:atio 4.0 formulation, bonding strength increased progressively

over time, rising from =~ 50 kPa at 30 minutes to = 100 kPa at 60 minutes post-application (Figure
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3.2E). While bonding is one of the key parameters, shear adhesion strength is also a useful
parameter to evaluate. Note that in lap shear studies, porcine skin is more often used.?® %’
However, the modulus of porcine skin, murine skin, and human skin are reported as similar.>>
Adhesivity testing of the Pep-5 CM:atio 4.0 showed that the adhesivity of the peptide-based material
is comparable to that of BioGlue (Figure 3.2F). Having identified Pep-5 as the top peptide
candidate, the material porosity was then assessed. An average pore size of = 10 um was observed
after swelling for the Pep-5 materials (Figure S11). The material's potential cytotoxicity was

evaluated using in vitro tests for assessing the viability of human skin cells. The data indicated no

adverse effect on the viability of cells exposed to the peptide-based materials (Figure S23).

Following these safety trials, wound closure was evaluated in a full-thickness murine model
(Figure 3.3A). It should be noted that murine skin wound healing occurs primarily through
contraction, whereas human skin wounds close by granulation tissue formation.?*® So, while the
mouse skin model is useful for initial testing, it is not an ideal representation of human skin, and
the use of other models will be needed in future studies to further elaborate the potential of the
peptide-based hydrogels for skin repair. The animal model used a 7-day endpoint to evaluate the
inflammatory response and tissue remodeling as previously reported.*” Pictures of the wounds at
0, 1, 3, and 7 days clearly showed the peptide-based material is cosmetically superior to sutures or
BioGlue (Figure 3.3B). The data presented here corresponds to those wounds that did not dehisce.
Note that wound dehiscence after 1 day was observed in = 25% of the animals that received
BioGlue and <5.0% for animals that received the peptide material. Also, debonding of the peptide
adhesives was not observed. Mechanical testing of wound skin freshly harvested after euthanasia
indicated that the peptide-based material is superior to sutures and BioGlue, and comparable to

unwounded skin (Figure 3.3C). Histological analyses of the tissues showed that the peptide-based
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material presents a more functional wound healing, including increased collagen deposition and
reduced epithelial thickness (Figure 3.3D). Further histological assays carried out to evaluate the
number of pro-healing macrophages indicated that the animals treated with the peptide-based
material have no difference in the number of CD206+ macrophages compared to the sutures or

BioGlue groups (Figure S13).

71



A

w)

Sutures

m

Burst pressure (mmHg)

0]

BIOGIUE®  CMyy 4.0

Day 0 Day 1 Day 3 Day 7
08 [ [ ¢ 108
(@)
‘r\\ Experimental groups
H o 1. Su
3‘\7/ / 2 Peplideb;suergsmalerial
l(y f 3. BioGlue®

Skin wounds

Tensile strength (kPa)

@ Skin surgery + treatment
(1S Pictures

P End-point: Sacrifice + tissue
harvestin

2<0.0001

p~0.0013

'E-ﬂa

BioGlue® Sutures Sham

2mm

Day 0

B

CMpgo 4.0

BioGlue®

Sutures

p=0.0069

@4mm ’g
1000 _p<0001 i £
800 l ] \—IEI g
/e /]
600 ‘ g
400 ®, ® :é
200 £ i
0
CM'aﬁo4.0 Cyanoacrylate
Injected &
no lens
O

®

Peptide-based
material or

Viscoat
\/”f— —1
/e

Placement of

rigid contact leny

Day 1

Day 7

E 20
=
w
&2 15
[ =4
S
£ 100
£ 50
&
i)
a 0
w Cc™M raxio4'0 BioGlue® Sutures
CM_ 40
15 ank bovy
1.2 =
==
0.9
0.6
<0.001
0.3 5
SO
0 [S8°]
0 24 0 24
Time post injection (h)
Injected &

centracone lens

Elevation

(]
e &
3a
c C
:Z, 3]
ST
X 3
w
0.5
CM,_ 4.0 + + .
Viscoat - . + +
Centracone lens 3 + = +

72



Figure 3.3. Peptide-based materials as tissue bonding sealants and fillers. A) Schematic of the
experimental design used for the in vivo testing of the tissue bonding capabilities of the peptide-
based materials using C57BL/6 female mice (7-8 weeks). B) Representative images of the full-
thickness wounds taken at 0-, 1-, 3-, and 7-days post-treatment for the different experimental
groups. Scale bars = 5.0 mm. C) Mechanical strength (kPa) for murine skin tissue measured 7 days
post-operation (n = 5-8) obtained for the different experimental groups. The Sham group
corresponds to animals that underwent the same steps as those that received incisions, but the skin
remained intact. D) Left: representative histological images of the skin at 7 days for the 3 treatment
groups. Right: analysis of the histological sections obtained for the different treatment groups
including collagen deposition (n = 4-16), and epidermal thickness (n = 11-16).233-260- 261 E) L eft:
burst pressure values measured for the peptide-based material CMaiio 4.0 or cyanoacrylate (n = 5—
17). Right: illustration for the pig cornea perforation ex vivo model used in this study. The numbers
in the Figure illustrate: (1) initial perforation to create a wound bed, (2) inner full-thickness cornea
perforation using a I mm biopsy puncher, (3) application of the treatment to seal the hole, and (4)
formation of a “corneal” patch. F) Changes in implant thickness were obtained using 30 puL of the
CMaiio 4.0 peptide material or Viscoat (n =5). G) Left: illustration of the ex vivo pig cornea pocket
and cornea reshaping model used in this study. The numbers in the figure illustrate: (1) initial
surgical incision to create a wound bed, (2) insertion of needle to open a cavity, (3) injection of the
peptide-based material as an intracorneal patch, and (4) positioning of a solid contact lens. Right
top: representative corneal topographic axial maps showing surface elevation of corneas injected
with either CMatio 4.0 or Viscoat. The topographic maps are generated for corneas before injection,
after injection, and injection in conjunction with insertion of a rigid contact lens (Centracone). The
scale on the right shows the height in mm, with warmer colors representing steeper areas and
cooler colors marking flatter ones. Right bottom: Fold change for K values of curvature (mm)
obtained for corneas that have been injected with either CMatio 4.0 or Viscoat, with the placement
of RGP/Centracone rigid contact lenses in conjunction with the peptide-based material (n = 4) with
volumes = 30 pL (compared to empty pocket). For C and D, p values were calculated using One-
Way ANOVA and post-hoc Holmes test, while student t-tests were used for E and F (unpaired
unequal variance) and G (paired data). Reproduced from Ross et al. Advanced Functional
Materials 2024.
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3.1.5 Peptide-Based Materials for Cornea Repair

The bonding capacity of the peptide-based hydrogel, which is comparable to that of BioGlue,
suggests that this minimalistic platform is well-suited for the repair of specialized soft tissues.
Next, the suitability of the material for the rapid closure of perforated corneal tissue, a clinical
application facilitated by the high optical transparency of the hydrogel, was assessed. An ex vivo
corneal perforation model was utilized which is a standard system for testing the sealing efficacy
of ocular biomaterials.®® Porcine corneas were selected for these experiments due to their

physiological and anatomical similarities to the human cornea (Figure 3.3E).26?

Data indicated that the burst pressure achieved by the peptide-based sealant was significantly
higher and more reproducible than that of cyanoacrylate (Figure 3.3E). While cyanoacrylate
remains one of the gold standards for rapid corneal sealing in emergency situations, its observed
toxicity toward corneal tissues presents the main drawback for its safe use.?®® In contrast, the
peptide-based material exhibited no significant cytotoxicity toward human corneal cells (Figure

S14), positioning this technology as a safer, more biocompatible alternative for corneal repair.

Beyond its use as a sealant, the potential of the peptide-based material as an in situ corneal filler
was tested. Data indicates that rapid injection of CMuatio 4.0 into the pig cornea renders implants
that are considerably thicker and more stable than those produced using Viscoat (Figure 3.3F).
Furthermore, the ability of the peptide-based material to reshape cornea curvature in an ex vivo
model was assessed. Figure 3.3G includes a schematic representation for the experiments, showing
the creation of an intrastromal pocket in the pig cornea, which can be filled with a viscous material,
such as the peptide hydrogel. After injection of the peptide-based material, an increase in cornea

curvature was measured compared to the control (Figure 3.3G). Upon application of the rigid
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contact lens, a change in the cornea shape is detected for the peptide-based material when
compared to the injected cornea and no lens. Curvature changes for corneas treated with Viscoat
and lens shows that injection of Viscoat does not achieve a significant change in curvature when
compared to the pocket alone. In fact, there is an overall decline in cornea curvature for the corneas
that received the centracone lens and Viscoat. Refractive index measurements for pig corneas
containing the peptide-based material indicate no significant differences in refractive index [1.36
+0.011 and 1.35 £ 0.014 (n = 16, p = 0.43) for cornea and cornea + peptide, respectively]. While
preliminary, this data suggests the peptide-based material developed in this work offers a cost-

effective alternative to cyanoacrylate, including the possibility to in situ reshape the cornea.

3.1.6 Peptide-Based Materials for Treating the Infarcted Heart

The data presented in Figures 3.2 and 3.3 indicate that the CMatio 4.0 hydrogel has high potential
as a tissue adhesive, sealant, and filler material; however, for intramyocardial injection, such
materials are too viscous to be delivered using multiple injections through G27 diameter needles.
Thus, for intramyocardial applications, the suitability was tested for the CMatio 1.0 formulation,
which is approximately an order of magnitude less viscous at high shear rates (20, 3.8, and = 4.0
Pa s for CMratio 4.0 and 1.0 and Viscoat at 100 s™!). For in vivo testing, a clinically relevant murine
MI model that recapitulates patients who have not responded to revascularization therapeutics or
who have delayed seeking treatment was selected.®! The model involves the permanent ligation of
the artery descendent blood flow supply to induce MI, followed by treatment delivery at 7 days
post-MI (Figure 3.4A). There were no toxicity concerns since the CMratio 1.0 material did not affect
human cardiac endothelial cell viability in vitro. The percentage of viable cells was not statistically
different for the peptide-based material compared to a collagen-based hydrogel after 2 days of

culture (Figure 3.4B).
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Assessment of the left ventricular ejection fraction 4 weeks after treatment delivery showed that
the intramyocardial injection of the CM:asio 1.0 material preserved cardiac function of the MI heart
(i.e., no fold-change versus baseline, p>0.05) compared to the control group (Figure 3.4C) where
function decreased over time. However, no differences in scar size (Figure 3.4D) or the number of
pro-healing macrophages (Figure 3.4E) were observed. Use of fluorescent labeling to track the
CMuatio 1.0 material in vivo showed that it could still be visualized in the cardiac muscle for up to
7 days after injection (Figure 3.4F). This finding presents an interesting opportunity for use of the
CMuaio 1.0 material for the in situ delivery of therapeutic agents, such as small molecules,
biopolymers, or extracellular vesicles that typically have low retention rates when delivered to the

myocardium.
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Figure 3.4. Peptide-based materials can be safely injected intramyocardially and remain within the cardiac muscle. A) Schematic
of the experimental design for in vivo testing of the intramyocardial injection application of the peptide-based materials. Experiments
were carried out using C57BL/6 female mice (7-8 weeks). B) Percentage of live human cardiac endothelial cells measured at 0 and 2
days after seeding on the CM:atio 1.0 material or collagen-based hydrogel (n = 5-9). C) Left ventricular ejection fraction (LVEF) fold
change relative to baseline measured 28 days after treatment with CMaiio 1.0 material or PBS (n = 4-5). D) Left: representative Masson
trichrome staining images for hearts treated with CMatio 1.0 material or PBS. Right: analysis of the scar size for the two treatment groups
(n=15). E) Number of CD206" cells counted in myocardial tissue sections within the scar, border zone, and remote areas (n = 6). F) Left:
quantification for ex vivo fluorescence imaging (Aexcitation = 570 nm; Aemission = 640 nm) of hearts injected with the Alexa-Fluor@594-
labelled CMratio 1.0 material at different days post-injection. Right: representative IVIS images of the MI hearts harvested after 2- or 7-
days post-injection (n = 3). P values were calculated using student t-test (unpaired data & unequal variance). Reproduced from Ross et
al. Advanced Functional Materials 2024.
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3.2 Mechanically Stable and Tunable Photoactivated Peptide-Based Hydrogels for Soft

Tissue Adhesion

The data presented in this section has been published as follows: A. Ross, D. Nguyen, A.
Macadam, A. Mercado Salazar, M. Gianetti, R. Ileri, M. Ruel, E. J. Suuronen and E. I. Alarcon.
Mechanically Stable and Tunable Photoactivated Peptide-Based Hydrogels for Soft Tissue

Adhesion. Adv Funct Mater 2025;():202529084.

3.2.1 Brief Introduction to the Results of Aim 3

The development of peptide-based hydrogels requires precise control over crosslinking chemistry
to ensure structural stability without compromising biological functionality. In this section of the
study, the epsilon-amine of lysine was utilized as a versatile handle for functionalization with
various alkenes, while cysteine served as the primary thiol source. The choice of alkene is critical,

as electron-rich species significantly enhance reaction kinetics.?%

A major consideration in designing these networks is the competition between thiol-ene step-
growth kinetics and alkene-alkene chain-growth homopolymerization. In a 1:1 thiol-to-ene ratio,
dominant chain-growth pathways can leave a surplus of unreacted thiols, particularly if the
reaction occurs intramolecularly or between adjacent residues within a single triple-helical trimer,
thereby reducing overall network functionality.?**2% To mitigate this, the use of specific groups
such as allyloxycarbonyl (alloc) was investigated. Alloc groups are notably less prone to chain
growth due to the formation of resonance-stabilized allylic hydrogen abstraction intermediates;

however, they remain highly reactive in the desired thiol-ene step-growth pathway,?%% 266
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The inherent secondary structure of the peptide further modulates its chemical reactivity.?’’ By
strategically positioning these reactive moieties within the peptide sequence, the macroscopic
mechanical properties of the resulting hydrogel can be tuned. This work investigates how the
identity and frequency of reactive groups in both short and long self-assembling sequences
determine the ability of the peptide to form robust, biomimetic scaffolds. Through this rational
design, light-activated hydrogel materials were generated using only synthetic peptides and a
photoinitiator in aqueous buffer, eliminating the need for synthetic polymeric backbones like PEG.
The synergistic combination of supramolecular triple-helical assembly and efficient thiol-ene
"click" chemistry yields hydrogels with significant and tunable bonding strength. These fully
synthetic yet biomimetic materials represent a promising platform for soft tissue repair, offering a

biocompatible and biodegradable alternative to traditional tissue adhesives.

3.2.2 Peptide Conformation and Nature of Reactive Moiety Dictate its Ability to form

Hydrogels

Figure 3.5A depicts a schematic diagram summarizing the core peptide structure used in the study
along with the several variants of peptide sequences that were developed and screened for hydrogel
formation. In this work, Irgacure-2959 (I-2959), a Norrish type I photoinitiator that photocleaves
upon UVA irradiation,”®® was employed (see absorption spectra in Figure S21). 1-2959 is
commonly used to produce light-activated hydrogels and absorbs UV light, whereas Pep 10 shows
minimal UV absorption. To validate the irradiation protocol and serve as a performance
benchmark, hydrogels were produced using an 8-arm 20 kDa PEG-acrylate system (see Figure
3.5B for workflow summary). Further details on each peptide sequence that was designed for this

study can be found in Table 3.2 .

80



A NH-GCG(POG)sGK(alloc)G-OH

n=1-8
or®) ——— Gork)

B

C e B =
<10 05 0 0.5 1
(Meth)acrylate

Cys--0.05 0.05 -

(POG)4-0.53 -0.53 0.10
Rpn-0.49 -0.49 -0.12

Tm-0.43 -0.43 0.02

I Hydrogel-0.39 -0.39 0.45

Formulate Supramolecular
R self-assembly

oyl
\/vj/:

Light-crosslinking Ex vivo testing

Nl
D 250 o
1.0 o
200 o
g 150 o
© 100
50
0
0 5 10 15 20
Time (min)
3500
**
3000
2500
5 2000
= 1500
)
1000
500
0 Loool= - fg“
¢ ¢ > ¢ q§‘“

Q\b‘ Q\Q\ Q\\‘Q\WQ%\Q Q
QYT QY QTN QTN QT F ¥ QQ,

Pep 10,14

- = )Lo

Lys(g)
Pep 17,19

(AL)
0

(MA)
(o]

- = )I\(
Lys(e)

Pep 18, 20

- =
Lys(e)

(AC)

Jo

10 15 20
Time (min)

4000 f=2 f=5

&

R \'s 0 e 0
\qu\\‘,\g\ ,\V‘ /\9,\%\
R R o oR_ R o

QTR QT TR @



Figure 3.5. Design and characterization of collagen-like peptide photoactivated hydrogels. (A) Design of peptide primary
sequences. The core of proline-hydroxyproline-glycine (POG) is flanked by cysteine and lysine (e-alkene) residues. (B) Workflow used
to create and characterize peptide hydrogels in this study. A formulation consisting of buffer, photoinitiator, and self-assembling
collagen-like peptide is irradiated by UVA light to form hydrogels for further testing. (C) Pearson correlation matrix of peptide structural
parameters and the ability of these structures to form a hydrogel. (D) Left: kinetic study of Pep 10 (NH2-GCG(POG)sGK(alloc)G-OH)
hydrogel formation using 5 mM 1-2959 photoinitiator. A four-parameter logistic regression model is used to fit the data. Right: images
of the peptide solution before (below) and after (above) gelation. (E) Kinetic study of Pep 10 hydrogel formation using different (5, 10,
and 20 mM) concentrations of [-2959. (F) Left: simplified illustration showing the effect of junction functionality on the peptide polymer
network. Right: elastic modulus (G’) measurements for Pep 10—16 and PEG 20k 8-arm acrylate hydrogels. (G) Left: illustration showing
the chemical structure of the different alkenes and their position within the peptide sequence. Right: elastic modulus (G’) measurements
for peptide hydrogels bearing allyloxycarbonyl (Pep 10/14), acrylate (Pep 18/20), and methacrylate (Pep 17/19) on the lysine epsilon
amine. Data are presented as mean + SD (n = 3). Statistical significance was assessed using two-tailed unpaired Student's t-tests with
unequal variance. *p < 0.05, **p < 0.01, ***p <0.001. Reproduced from Ross et al. Advanced Functional Materials 2025.
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Molecular

Sample Peptide sequence Features weight Rpn . Tw [°C]?
code 1 value
[g mol ']
Pep 1 NH:-(K (alloc)):GGGCC-NH, Short peptide with two Lys (alloc) and 819.0 NA NA
two cysteine
Pep 2 MA-K(e-MA)GGG-OH Short peptldg with methgcrylathn at the 453.5 NA NA
N-terminus and lysine € amine
Short peptide with methacrylation at the
Pep 3 MA-K(e-MA)GGGC-NH> N-terminus and lysine e-amine along with 555.6 NA NA
a cysteine
Pep 4 MA-POGPCG-OH Short peptldg with one cysteine and N- 6102 ND NA
terminal methacrylation
Pep 5 MA-(POG);PCG-OH Peptide with 3 PQG repeats, one gystelne, 11445 ND NA
and N-terminal methacrylation
i i (POG)s CLP with one cysteine and N- 0.011 +
Pep 6 MA-(POG)sPLG-OH terminal methacrylation 1678.7 0.004 24
(POG)7; CLP with one cysteine and N- 0.091 £
Pep 7 MA-(POG)7PLG-OH terminal methacrylation 2213.0 0.004 45
Pep8  NH:-GK(alloe)G(POG)GK(alloe)G-OH  (POG)s CLP with Lys (alloc) at eachend  2809.0 o' % 60
Pep9  NH»-G(K(alloc):(POG) (K(alloc)G-of  (FOG)s CLP with o Lys (alloc) ateach 54 5 O(')Ogg " 52
) i (POG)s CLP with one cysteine and one 0.085 +
Pep 10 NHz-GCG(POG)sGK(alloc)G-OH Lys (alloc) at the ends 2699.9 0.002 61
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Pep 11

Pep 12

Pep 13

Pep 14

Pep 15

Pep 16

Pep 17

Pep 18

Pep 19

Pep 20

NH,-GCC(POG)sGK (alloc)GG-OH

NH2-GCG(POG)sK(alloc)2G-OH

NH>-GCC(POG)sK (alloc)2G-OH

NH,-CCC(POG):K (alloc)2G-OH

NH,-CCC(POG):K (alloc)3-NH,

NH:-
GCG(POG):POV(POG);GK(alloc)G-OH

NH,-CCC(POG)sK (-MA):G-OH

NH,-CCC(POG)sK (e-Ac):G-OH

NH,-GCG(POG):GK (e-MA)G-OH

NH2-GCG(POG)sGK(e-Ac)G-OH

(POG)g CLP with two cysteines and one
Lys (alloc) at the ends

(POG)s CLP with one cysteine and two
Lys (alloc) at the ends

(POG)s CLP with two cysteines and two
Lys (alloc) at the ends

(POG)s CLP with three cysteines and two
Lys (alloc) at the ends

(POG)g CLP with three cysteines and
three Lys (alloc) at the ends

Pep 10 with Gly -> Val substitution to
disrupt folding

(POG)s CLP with three cysteines and two
Lys (e-methacrylate) at the ends

(POG)s CLP with three cysteines and two
Lys (e-acrylate) at the ends

(POG)s CLP with one cysteine and one
Lys (e-methacrylate) at the ends

(POG)g CLP with one cysteine and one
Lys (e-acrylate) at the ends

2745.9

2855.1

2901.1

2947.2

3102.4

2741.9

2915.2

2886.2

2683.9

2669.9

0.072 +
0.001

0.085 +
0.001

0.091 +
0.001

0.080 +
0.001

0.069 +
0.001

0.030 +
0.002

0.082 +
0.002

0.086 +
0.001

0.085 +
0.002

0.093 +
0.002

53

61

58

71

65

31

67

60

64

84



Table 3.2. List of photoactivated peptides screened in this study. Cysteine residues are underlined while alkenes are in bold. e-MA
means methacrylated lysine epsilon amine while e-Ac represents an acrylated residue. Conditions for the gelation test were 5% w/v
peptide in solution of PBS (pH 7.4, 1.0 mM 1-2959). Peptide denaturation temperatures are reported in the table as well (Twm). a) Peptide
concentration of 200 uM in 1.0 mM phosphate buffer (pH 7.4) at 25 °C. b) Melting curves are included in Figure S25. Reproduced from

Ross et al. Advanced Functional Materials 2025.

85



The ability of synthetic peptides to transition from soluble monomers to stable 3D networks
depends on a delicate balance between molecular hydrophilicity and the inclusion of
hydrophobic reactive groups. Initial screening revealed that ene-functionalized short peptides
(Pep 1-3) suffered from poor aqueous solubility, likely due to the hydrophobic character of the
alkene handles. Short peptides with collagen-like POG trimers were soluble due to the
hydrophilicity of POG motifs but failed to gel when methacrylated at the N-terminus (Pep 4-
5). Longer CLPs were synthesized with either N-terminus methacrylate (Pep 6-7) or lysine
(alloc) (Pep 8-9). The N-terminus methacrylated CLPs also failed to gel. This could be due to
the N-terminus lacking steric flexibility in the folded CLP state compared to the lysine g-alloc
along with unproductive intra-trimer reactions. Furthermore, n = 8§ (POG), CLPs with only
lysine (alloc) could not form a hydrogel (Pep 8-9, see Table 3.2) due to the lack of thiols and
the alloc’s poor ability to undergo ene-ene chain growth polymerization. However, the CLP
employing a long, soluble structure containing both cysteine and lysine (alloc) formed a
hydrogel at concentrations of > 3% v/w (Pep 10). Pearson correlation analyses of the various
peptide structural features are presented in Figure 3.5C. Heavy contributors for hydrogel
formation are the presence of the POG motif and collagen-like triple helical structure while

methacrylate groups proved detrimental for hydrogel formation.

Circular dichroism (CD) spectroscopy assessed peptide conformation and folding behaviour.
Full-length collagen and CLPs exhibit a characteristic CD spectrum associated with a
polyproline type II helix, consisting of a positive maximum near 225 nm and a negative
minimum near 200 nm,?** 2% which was observed for folded CLPs in this study (Figure S25,
top left). To quantify triple-helix assembly, the Ryn parameter is reported, defined as the ratio of
absolute CD ellipticities at 225 nm and 200 nm (Rpn = |0225| / |8200). This parameter has been
widely used as an indicator of collagen triple-helix packing, with a CLP known to form stable

triple helices exhibiting an Rpn value around ~0.07%¢ while full-length collagen approaches
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values near ~0.12.2° The peptides investigated here, based on the (POG)s folding template,
displayed Rpn values ~0.07-0.09 (Table 3.2) which is consistent with triple-helix formation in
CLPs. These observations were further supported by cooperative thermal melting transitions

observed for folded peptides (Figure S25).

The gelation process is strictly photo-dependent; for a 5% w/v peptide solution with 1.0 mM I-
2959 in phosphate buffer saline (PBS), gelation occurs only upon UVA irradiation (12.4
mW/cm?), whereas peptide solutions without 1-2959 do not form gels (Figure S22). There was
a significant increase (P = 0.014) in storage modulus (G’) if the solution was left to fold at 4 °C
for 1 h prior to light exposure, indicating the need for peptide assembly before reaction. If the
solution was left for 24 h there was a trend (P = 0.26) towards lower storage modulus with a
larger variability, likely due to cysteine oxidation and disulfide bridge formation over time
resulting in less reactive residues being available. Ellman assay results indicate that there is a
significant reduction in reactive thiol after 24 h (Figure S23). As photoactivated 1-2959 can
function as a reducing agent,?®® the effect of a higher 1-2959 concentration (5.0 mM, Figure
S24) was tested next. A folding time of 1 h vs 0 h again resulted in a significant increase in
storage modulus (P = 0.0022), while the 24 h timepoint showed a similar G’ to 1 h (P = 0.94)
with the additional presence of reducing agent. Furthermore, a hydrogel was now formed at the
0 h timepoint. The kinetics of hydrogel assembly were investigated for the 5.0 mM
concentration of [-2959 (Figure 3.5D). 5% Pep 10 gels reached 50% of max strength at 3.3 min,
while increasing the concentration of [-2959 to 10 and 20 mM resulted in more rapid gelation
(1.7 min 50% G’ at 20 mM compared to 3.3 and 3.1 min at 5 and 10 mM) with a modest increase

(283 Pa at 20 mM, 248 Pa at 10 mM, and 211 at 5 mM) in maximal strength (Figure 3.5E).

To further tune material properties, the junction functionality or the number of connections
between each chain was altered.*? For a peptide polymer network, junction functionality (f) can

be increased by adding reactive groups and increasing f should result in stiffer gels. Thus, a
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series of peptides (Pep 8-15) were designed with different numbers of reactive groups (Figure
3.5F). Although these molecules assemble into larger structures, for simplicity, f was listed as
the number of reactive ends per peptide molecule. As fincreased for the different peptides there
was a significant increase in G’ for each step up in value, while for Pep 11-12, where /=3 in
both cases, the storage modulus was comparable (P = 0.71). Further, as the number of alkenes
was increased, the peptide’s solubility in aqueous solutions decreased, with Pep 15 becoming
insoluble at 5% w/v, preventing hydrogel formation. Highly functionalized peptides formed
gels of comparable or greater stiffness relative to a PEG acrylate 8-arm 20 kDa control. Mesh
size calculations?’® 27! for peptide hydrogels rendered values ranging from 13.8 to 27.4 nm

(Table S3), providing a tunable range appropriate for the diffusion of most biomolecules.

To evaluate the contribution of peptide folding towards overall hydrogel strength, a Gly-Val
amino acid substitution was introduced in the middle of the peptide changing Pep 10 (NH>-
GCG(POG)sGK(alloc)G-OH) into Pep 16 (NH2-GCG(POG)4POV(POG);GK(alloc)G-OH)) to
disrupt the peptide’s supramolecular assembly (Figure S26). The substitution had a strong effect
on the network properties as the resulting peptide failed to form a hydrogel despite having an
identical f'value to Pep 10. CD measurements indicate that the single amino acid change reduced
the Rpn from = 0.08 to =~ 0.03, suggesting that folding was disrupted. Thus, in addition to their
chemical reactivity, the ability of the CLPs to fold properly is vital to forming hydrogel

networks.

With confirmation of the importance of both chemical reactivity and folding, the effect of
changing the alkene group on material properties was then investigated. For this, some of the
most commonly utilized reactive moieties in literature were used such as the methacrylate from
GelMA 2> Taking the peptide making the strongest hydrogel thus far (Pep 14, NHa-
CCC(POG)sK(alloc)>G-OH), the Lys (alloc) group was replaced with either methacrylate (Pep

17, K(e-MA)») or acrylate (Pep 18, K(e-Ac).); Figure 3.5G). G° was strongly reduced (~90%)
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for both Pep 17 and 18. This could be due to the adjacent residues undergoing intramolecular
ene-ene reactions rather than bonding to sulfur atoms from adjacent chains, resulting in network
truncation. To test this hypothesis, variants of Pep 10 (NH2-GCG(POG)sGK(alloc)G-OH),
which contains only a single alkene per strand, were synthesized with methacrylate (Pep 19,
K(e-MA)) and acrylate (Pep 20, K(e-Ac)) groups (Figure 3.5G). The methacrylate variant failed
to gel while the acrylated Pep 20 was weaker (~50%) than the alloc version. However, the
difference between the single alkene peptides Pep 10 and Pep 20 was relatively smaller than
the difference between the double alkene peptides Pep 14 and 18. This suggests that reactivity

between adjacent residues may be a deleterious factor.

3.2.3 Molecular Dynamics Indicate Differential Folding and Hydrogen Bond Formation

Amongst Peptides

To further investigate the molecular mechanisms governing peptide hydrogel assembly,
molecular dynamics (MD) simulations were performed. In terms of supramolecular assembly,
the (POG)s core peptides Pep 8, 10, and 14 had inter-chain hydrogen bonds rapidly form within
the initial nanoseconds, initiating helix—helix recognition (see Figure 3.6A). After this initial
association, the individual inter-chain interactions remain stable and mutually consistent,
reflecting a cooperative stabilization that supports the formation of a well-defined triple helix.
However, for the Gly-Val substitution in Pep 16, two helix—helix pairs gradually increase their
interactions over time while the interaction between chains A and B (the “AB pair”) remains
essentially inactive, failing to establish stable hydrogen bonds (Figure 3.6A and 3.6B). This
imbalance has the effect of preventing the formation of an organized triple helix, supporting the
experimental Ryn measurements. Considering that Pep 16 fails to form a hydrogel, these results

support the idea that stable peptide folding contributes to the material’s mechanical properties.
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The residues flanking the (POG)s core also influence helix stability. Ry, data suggests that Lys
(alloc) residues increase the measured Ry, values by a small amount. Analysis of residue-
specific interactions (Figure S27) demonstrates that the Lys (alloc) residues consistently engage
in a high number of stabilizing contacts and that their contributions are approximately within
the same range across Pep 8, 10, and 14. Conversely, the cysteine residues appear to contribute
marginally to helix stabilization (Figure S28), as experimentally seen by the lack of an increase
in the Rpn measured when cysteine residues are added to a chain. This suggests that the terminal
Lys (alloc), but not cysteine residues, play a cooperative role in reinforcing the triple-helix

assembly, complementing the stabilizing effect of the central (POG)s motifs.

Beyond structural stability, the interchain contacts made by Lys residues influence the chemical
reactivity during radical photocrosslinking. Simulations were performed to measure the amount
of interchain contacts made between C=C alkene atoms on a normalized basis per alkene
(Figure 3.6C). For all peptides, contacts occurred between alkenes on the same triple helix,
while no contact was made between alkene and cysteine groups on the same helix due to their
greater distance from each other and the steric rigidity of the peptide structure. Under radical
photocrosslinking conditions, these alkene contacts can lead to bond formation, resulting in
intramolecular crosslinking that is unproductive in forming connections with the bulk hydrogel
network. Thus, the lower reactivity of alloc towards the formation of these unproductive C-C

bonds*”® may contribute to the greater mechanical strength of the alloc peptide materials.

In addition to being less reactive when contacts occur, systems based on alloc (Pep 8§, 10)
exhibit low alkene—alkene contact frequencies within the helix compared to acrylate (Pep 20)
or methacrylate (Pep 10), suggesting a minimal probability of alkenes on chains A, B, and C
reacting with each other. This may be to the due to the greater length and steric flexibility of
the alloc group arising from the sp® hybridized carbon present between the alkene and carboxyl.

Taken together, the lower number of contacts made and the lower chance for a reaction to occur
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upon contact may explain the increased mechanical resilience of alloc peptide materials

compared to (meth)acrylated ones.
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Figure 3.6. Molecular dynamics simulations for peptides indicate the impact of molecular features in triple helix folding and chemical
reactivity. (A) Representative snapshots for Pep 8 and 16 taken at three different simulation times (0, 15, and 100 ns). Images within the circle

correspond to a side view of the chain. (B) Average assembled fraction for peptides 8, 10, 14, and 16 for up to 100 ns simulation. The horizontal
dashed red line corresponds to a well-assembled fraction. Values above the line indicate a stable helix, while values below indicate an unstable helix.
The residue at position 18 (glycine or valine) is included in the figures to show the effect of amino acid substitution in the POG core. (C) Number of
interchain contacts made between C=C alkene atoms on a normalized basis per alkene for peptides 8, 10, 19, and 20. The structure of the alkene
present on each peptide is displayed to show the effect of alkene substitution. Values illustrated in B and C correspond to a selected dataset and only
5% of the data is shown to facilitate their depiction. Reproduced from Ross et al. Advanced Functional Materials 2025.
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3.2.4 Mechanical Properties of Peptide-Based Hydrogels Can Be Tuned to Bond Skin Ex

Vivo

In addition to junction functionality, the initial polymer fraction or concentration of peptide
serves as a primary determinant of the hydrogel network’s macroscopic properties.*? Given the
physical interactions and supramolecular assembly of these peptides, the effect of concentration
could be non-linear with critical points.>* Hydrogels using Pep 10 were formed at a minimal
peptide concentration of = 3% and G’ quickly increased from a value of = 400 Pa to = 2000 Pa
at peptide concentrations of 5% and 10%, respectively (Figure 3.7A), demonstrating a high

degree of mechanical tunability achievable simply by altering the peptide loading.

To assess the translational potential of these materials, different concentrations of Pep 10 were
evaluated for adhesive performance using an ex vivo murine skin wound closure model (Figure
3.7B). The ultimate tensile stress of the bonded skin-hydrogel construct for the 10% Pep 10
formulation (= 200 kPa) was significantly higher than that of the 5% gel (= 50 kPa) and was
comparable to that of LiquiBand®, a clinically used cyanoacrylate tissue adhesive. Compressive
tests showed that peptide hydrogels had a tunable compressive modulus ranging from 2-6 kPa
(Figure 3.7C). For contextual benchmarking, a 1% type I collagen hydrogel was prepared using
a previously validated protocol that has been shown to maintain structural integrity during
intramyocardial injection and withstand cyclic deformation in the beating heart.®! The collagen
hydrogel displayed a significantly lower compressive modulus than both 5% Pep 14 and 10%
Pep 10 gels, which were comparable in modulus but lower than the 15% Pep 10 formulation.
Thus, peptide hydrogels achieve compressive moduli greater than a collagen formulation

already proven suitable for intratissue injection in mechanically active environments.

In addition to their robust mechanical profiles, the peptide hydrogels displayed favorable

biodegradation and safety characteristics (Figure 3.7D). The materials were stable in aqueous
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solutions but underwent controlled degradation in the presence of collagenase, lasting
approximately 24 hours, a duration longer than that of native type I collagen. Cytotoxicity
assessments using human dermal fibroblasts indicated no adverse effects for cells seeded on top
of Pep 10 hydrogels (Figure S29). For encapsulated cells, viability remained high at ~ 90% with
a 15-second UVA irradiation window, although longer exposures reduced viability to 70%
(Figure S30). Notably, for the volumes used in these clinical applications, a 15-second exposure

1s sufficient to render a stable 3D scaffold.

The thermal stability of the materials, measured via differential scanning calorimetry (DSC),
remained consistent across different concentrations of Pep 10. The denaturation temperatures
were slightly higher than those measured via CD (Figure 3.7E, middle right), which likely
reflects the added stabilizing effect of the covalent crosslinks on the triple-helical domains.?’*
SEM analysis revealed a consistent pore size of = 5.4 pm for Pep 10 gels across various
concentrations, while Pep 14 gels exhibited larger pores of = 13.8 um (Figure 3.7E, right).
These values are comparable to the 9.3 pum reported for recombinant human collagen

hydrogels.® While the reason for these differences is not clear, one could speculate that

supramolecular factors in the formation of the 3D structure might play a role.

Finally, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was evaluated as an
alternative water-soluble photoinitiator, which is often favored in bioprinting for its high
cytocompatibility and fast kinetics.?’> The elastic modulus of Pep 10 hydrogels remained stable
across LAP concentrations ranging from 5 to 50 mM (Figure 3.7E, left). Additionally, the shape
of Pep 10 hydrogel made with LAP could be controlled using a mold (Figure 3.7E, middle left),
demonstrating that these hydrogels can be readily formed into defined geometries compatible

with bioprinting workflows.

95



A [Pep 10] B

5000
dioD Liquiband [ c|—|-oo|
ns

g 2 10% Pep 10 <}—‘>—¢
© 2000 : |

1000 5% Pep 10 b—oI—b

Gel 9 |
0 +~ P9 A B Es
'\o\o q<:\o (bo\o b<:\o 6§\° /\c,\o \Qo\o \(80 0 75 150 225

Ultimate Tensile Stress (kPa)

C

125
Collagen | =5 No collagenase
<100 0 10% Pep 10
Pep 14 5% a oo 6
= - 5% Pep 10
Pep 10 10% g #+- 10% Pep 10
* B2 - 15% Pep 10
(2]
Pep 10 15% &
Rat tail collagen
0 2 4 6 8

Compressive Modulus (kPa)

15% } = 30
E

= 10% ns I g 20
Q. o
& e

5% } g 10

o

0 20 40 60 80
Denaturation Temperature
(°C) &

96



Figure 3.7. Peptide hydrogels can be tuned to possess robust mechanical properties for skin bonding. (A) Hydrogel storage
modulus increases along with Pep 10 concentration. Gelation occurs at a minimum of 3% peptide concentration. (B) Left: wound closure
strength tests measuring the ultimate tensile stress of the bonded skin-hydrogel construct at bonding failure for Pep 10 hydrogels and
LiquiBand. Right: images of the murine skin being stretched during the test. (C) Compressive modulus for peptide and rat tail collagen
hydrogels. (D) Collagenase degradation assay for Pep 10 and collagen I hydrogels. (E) Left: Pep 10 hydrogel storage modulus using
different concentrations (5, 20, and 50 mM) of LAP photoinitiator. Middle left: images of moulding experiments demonstrating the
ability of 5% and 10% Pep 10 hydrogels to take on the shape of a cornea. Middle right. denaturation temperatures for different
concentrations of Pep 10 hydrogels obtained from differential scanning calorimetry. Right: cryo-SEM pore size measurements for Pep
10 hydrogels. Pore size was quantified from 50 measurements taken across four independent regions per formulation. Data are presented
as mean £ SD (n = 3 for all panels except cryo-SEM pore size analysis). Statistical significance was assessed using two-tailed unpaired
Student's t-tests with unequal variance. *p <0.05, **p <0.01, ***p <0.001. Reproduced from Ross et al. Advanced Functional Materials
2025.
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4.0 Discussion

4.1 Summary

The central objective of this thesis was to develop and validate a library of synthetic collagen-like
peptide hydrogels designed to address unmet needs in soft tissue repair. Two distinct crosslinking
strategies, spontaneous thiol-maleimide Michael addition for "on-the-spot" application and
photoactivated radical thiol-ene reactivity, were used to generate functional biomaterials. The first
aim of this research resulted in spontaneously gelling CLP-PEG hydrogels, where the sequence
NH2-GCG(POG)sGCG-OH was identified as the optimal candidate for clinical translation. These
materials demonstrated rapid gelation in under 120 seconds and exhibited tunable mechanical
properties along with good cytocompatibility for human cardiac and skin cells. For the second aim,
ex vivo and in vivo models showed that these hydrogels proved effective as tissue sealants,
achieving wound closure strengths in mouse skin comparable to commercial adhesives like
BioGlue and successfully sealing corneal perforations while maintaining optical transparency.
Furthermore, intramyocardial injection of these materials in a murine model of myocardial
infarction led to the preservation of left ventricular ejection fraction over 28 days. Fluorescent
tracking confirmed that the hydrogel remained within the myocardium for at least seven days,
suggesting its potential as a localized reservoir for the sustained delivery of therapeutic agents or

cells.

The third aim of this research resulted in mechanically robust, photoactivated peptide-only
hydrogels with NH>-GCG(POG)sGK(alloc)G-OH and NH>-CCC(POG)sK(alloc)G-OH as the
most promising sequences. By adjusting the peptide structure and concentration, the mechanical

properties of the hydrogels could be turned. Molecular dynamics simulations provided insights
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into how molecular features, such as the (POG)s core and the choice of alkene, dictate triple-helix
stability and prevent unproductive intramolecular crosslinking. These photoactivated materials
achieved significant bonding strength and were shown to be suitable for bioprinting workflows

due to their ability to be molded into defined geometries.

4.2 Discussion of Aims 1 and 2

4.2.1 Multipurpose Peptide Screening and Material Design

The technological development of biomaterials remains costly and time consuming, particularly
when large sample volumes are required for initial testing.?’® To overcome these barriers, a highly
efficient screening strategy was implemented that utilized small sample volumes of approximately
50 pL. This approach reduced the necessary peptide quantities and experimental time by an order
of magnitude compared to conventional methodologies. By intentionally limiting the number of
amino acids in each sequence, synthetic complexity and cost were minimized while ensuring the
final candidates possessed the necessary structural motifs for functional assembly. The choice of
screening tests used in the strategy combined with the facile material assembly process enabled by

the selection of effective chemistries allowed us to rapidly screen different formulations.

The material design relies on a synergistic dual mechanism inspired by the organization of natural
structural collagen. By combining orthogonal Michael-addition chemistry with the supramolecular
assembly of collagen-like triple helices, a hybrid peptide-copolymer network that is both robust
and tunable was created. Unlike many peptide gels that rely solely on alpha-helix or beta-sheet
folding, data presented here suggests that the triple-helical conformation provides significant
mechanical reinforcement. Using a library of peptide structures and a rapid screening procedure

for gelation, key structural components needed to render peptide structures that can assemble in
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situ to a PEG backbone were identified. The resulting hybrid peptide-copolymer displayed
desirable and tunable physical properties that can be adjusted simply by utilizing different
peptide:PEG ratios (CMuatio), thus making it amenable for use in different tissues. The resulting
hydrogels feature a pore size of approximately 10 um, which is optimized to facilitate host cell
invasion and tissue integration. Furthermore, the material preparation is straightforward requiring
only reagent solvation in minutes, without the need for external crosslinkers, special solvents, or
purification and is sufficiently robust to be performed in situ when compared to other peptide-
based biomaterials.!*” 1® For future clinical use, similar to other clinically used materials such as
BioGlue, CLP-PEG technology will be delivered using a two barrel-syringe system that will allow

for single-handed operation.

4.2.2 Comparison to Other Materials

CLP-PEG materials displayed adhesive properties comparable to those of BioGlue, which is
remarkable when considering no specific adhesive moieties were added to the peptide sequence.
Some key advantages of the material include simple, rapid in situ gelation, tunable hydrogel
strength and adhesiveness, and a fully defined chemical composition. In contrast to animal-derived
gelatin or collagen, which carry risks of immunogenicity and batch-to-batch variability, the
synthetic approach ensures high consistency and safety for clinical translation. The modular nature
of these sequences also allows for future refinements, such as the incorporation of cell-signaling
motifs to promote targeted biological interactions. The tunable gelation of the material allows for
its use as a topically applied material or in the form of an injectable material by simply using a
syringe-mixing system.

In contrast, peptide gels that form solely from supramolecular assembly are weak and applied only

as a topical dressing.?’” Instead, CLP-PEG materials can achieve a wound closure strength of up
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to = 100 kPa, whereas a pure peptide gel such as a recently reported tryptophan zipper system had
a yield strength of 0.075 kPa.?”® Another LDLK 12 peptide gel reported a failure stress of 0.019
kPa that could be increased to 0.035 kPa with EDC/NHS crosslinking.?”® Compared to other PEG-
peptide systems,?’! CLP-PEG material renders stronger gels more quickly at physiological pH.
Peptide hydrogels are often used as carriers for drug delivery,?®® which is another promising

application for which CLP-PEG materials would be highly suited.

The relative simplicity and ease of application of CLP-PEG materials is a key advantage. CLP-
PEG hydrogels are prepared rapidly, which is more convenient and simpler to operate with, thus
making them more suitable to clinical application. In contrast, a previously reported peptide-based
injectable material for treating heart tissue post-MI consisted of an elastin-mimetic peptide
hydrogel with great mechanical strength under the action of upregulated trans-glutaminase.?8!

However, the complex and time-consuming preparation methods that are needed result in a barrier

to clinical implementation.*®?

While biomedical systems should be cost-effective and practical to find adaptation, the economic
viability of this technology is supported by the increasing scalability of industrial peptide
synthesis. As the number of peptide drugs in clinical trials continues to increase®®* and novel

284

peptide drugs such as Semaglutide®* receive media attention, peptide synthesis is becoming a

5 or even tons®*® of finished product.

scalable industrial process that can produce kilograms®®
Peptides of = 30 amino acid residues, such as the 31 residue Semaglutide, are considered relatively
short and can readily be scaled for industrial production.!® 286 The cost to access peptides is

reasonable for biomedical standards, with retail Semaglutide selling for = 150 USD g ! in the least

expensive markets.”®” Therefore, the peptide-based materials, which consist of short peptide
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sequences and are composed of only two easily-stored components, offer a cost-effective approach

for generating peptide-based therapeutics for tissue and organ repair.

4.2.3 Therapeutic Efficacy in Corneal, Cutaneous, and Cardiac Models

The rapid gelation and robust adhesivity of these hydrogels make them versatile tools for various
soft tissue injuries. In ophthalmic applications, the material successfully sealed corneal
perforations and served as an intrastromal filler to alter corneal curvature without compromising
optical clarity. When applied to skin wounds, the hydrogel provided a moist environment, reported
to be beneficial toward wound healing,*®® that visibly accelerated healing and improved
histological outcomes, including increased collagen deposition and a significant reduction in
epithelial thickness. While data illustrated low macrophage polarization, this may be since
macrophage expression varies across time during the process of wound healing. Initially M1
macrophages are seen, then replaced with M2 macrophages, and lastly both are gone from the
wound as it heals and matures.”® Since the skin was harvested late in this process, the macrophages

may have already left the wound site at this point.

In the context of cardiac repair, the hydrogel was injected directly into the ischemic myocardium
of a murine model. Over a 28-day period, the treatment effectively preserved heart function,
preventing the characteristic loss of ejection fraction observed in control groups. While peptides
and other biological molecules can be rapidly degraded in living organisms, fluorescent tracking
revealed that the material persisted in the myocardium for at least seven days. This residence time
suggests the hydrogel could serve as a protective depot for the localized delivery of drugs,
extracellular vesicles, or cellular payloads. Further, the findings open new avenues for enabling

modifications of the materials using the peptide structures and orthogonal click chemistry, such as
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290, 291

chemical functionalization of the PEG core, which would allow for the prolonged delivery

of small drugs and molecules.

In summary, the cumulative data illustrate that engineering the chemical structure of collagen-like
peptides allows for the development of functional crosslinking backbones suitable for the
formation of hydrogels. The data also indicates that these peptides must contain at least two
cysteine thiol-reactive groups for Michael addition click chemistry with adequate steric spacing,
and that the supramolecular assembly of these peptides contributes to hydrogel strength. This
unique combination of engineered click-self assembling peptides allows for the rapid in situ
production of adhesive, multifunctional, and tunable hydrogels. These injectable materials were
assessed and shown to be effective for therapy in three separate soft tissues including the skin,
cornea, and heart. The simple yet robust chemistry, combined with the peptide engineering used
to produce these gels leaves ample room for future biofunctionalization and/or loading of drugs,

extracellular vesicles, or other payloads.

4.3 Discussion of Aim 3

4.3.1 Design and Assembly of Photoactivated Peptide Hydrogels

This study presents a rationally designed, peptide-only hydrogel platform that leverages
supramolecular self-assembly and light activated thiol-ene crosslinking to form mechanically
robust, cytocompatible, and tunable biomaterials. Materials were prepared entirely from collagen-
like peptides, eliminating the need for synthetic polymer conjugates and offering a single-
component formulation with advantages in reproducibility, scalability, and biocompatibility.
Central to this approach is the use of (POG), motifs to mimic the triple-helix architecture of native

collagen and enable not only solubility and folding but also spatial organization of reactive residues
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essential for crosslinking. Embedding thiol-ene reactivity directly into the peptide sequence further
enables a highly specific, aqueous, and light-triggered mechanism that works synergistically with

supramolecular assembly.

Screening of the peptide library provided essential insights into the structural prerequisites for
successful hydrogel formation. Precursors bearing both cysteine and lysine (alloc) residues were
highly effective for thiol-ene crosslinking when initiated by the UVA-activated photoinitiator I-
2959, which is widely used due to its minimal toxicity.?”> Upon absorption of UVA light, 1-2959
undergoes type I a-cleavage to split into a benzoyl and hydroxyalkyl radical, providing a source
of radicals to drive polymerization.>>® Owing to its nucleophilic character, the hydroxyalkyl radical
efficiently abstracts a hydrogen atom from a thiol group, driving reactive thiyl radical formation
to initiate polymerization (Figure 1.5). While methacrylation is frequently used as a standard
strategy in polymer hydrogel design,!3* '3 these findings indicate that methacrylated and acrylated
peptides were less able to form hydrogels in comparison to the allyloxycarbonyl group. This is
likely due to the alloc’s reduced ability to form chain growth C-C bonds.?*® 2”* The radical
generated by thiol-ene addition to an acrylate is resonance-stabilized by the adjacent carbonyl
(favoring further chain-growth addition to another alkene), while alloc's allylic radical lacks that
conjugation and is more reactive toward hydrogen abstraction. In a system targeting a 1:1
stoichiometry of thiols and alkenes, the alloc group’s preference for step-growth kinetics
maximizes the number of effective intermolecular connections (Figure 1.5). Conversely, chain-
growth reactions in this context likely lead to unproductive intramolecular cycling within a single

triple helix, effectively truncating the network.

Furthermore, due to the spatial arrangement of the three-dimensional CLP structures, chain growth

reactions may occur intramolecularly or within a single assembled triple-helix without creating
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connections with the greater network. MD simulations indicated that these intra-helix reactions
may be more likely for the non-alloc alkenes, further explaining the superior mechanical properties
of alloc peptide hydrogels. Likely due to these factors, peptides containing only alkenes failed to
form hydrogels. Short peptides bearing thiol-ene chemistry were also tested, but failed to form
hydrogels, in some cases due to solubility issues. Peptides that contained a (POG)s structure were
effective in forming gels, with this motif responsible for folding being highly correlated to the Rpq
and melting temperature parameters associated with triple helix formation. Reduction of the Rp,
parameter through a Gly-Val amino acid substitution prevented hydrogel formation, highlighting

the contribution of supramolecular assembly to the hydrogel formation process.

4.3.2 Kinetic Profiling and Mechanical Benchmarking

Kinetic studies of photo-CLP hydrogels indicated that gel formation was completed in 5-10 min
at a lower photoinitiator concentration and <2 min at a high concentration, a rapid timeframe
enabled by efficient thiol-ene chemistry. This length of time is comparable to or shorter than
suturing time, making it easy to use the material for wound closure applications. The mechanical
properties of the peptide hydrogels were highly tunable through multiple parameters, including
peptide concentration, junction functionality, and choice of alkene group. The collagen-like POG
core of the peptides is highly hydrophilic, allowing a high concentration (15% +) of peptide or the
use of multiple reactive residues per peptide. Photo-CLP optimized hydrogel enabled a tissue-
hydrogel composite bonding strength of = 200 kPa in an ex vivo skin wound closure model. This
is equivalent to the performance of the commercial cyanoacrylate tissue adhesive Liquidband®
and indicates a suitable level of mechanical performance. This overcomes the common limitation
of insufficient mechanical strength in peptide-only hydrogels previously discussed. However,

unlike cyanoacrylates, peptide hydrogels are biodegradable, being cleared by collagenase.
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Cytocompatibility studies also show no detectable toxicity. Together, these results establish strong
ex vivo performance and motivate future studies to further examine biodegradation, host response,

and long-term tissue integration.

Beyond their utility as adhesives, the spatially controlled nature of light-triggered crosslinking
opens significant possibilities for biofabrication. Data shows that Pep 10 hydrogels are compatible
with both 1-2959 and LAP, two common photoinitiators used in the field of 3D bioprinting.?* 2%
By utilizing simple molds, photo-CLP hydrogels were cast into complex, cornea-like geometries
that maintained their structural definition after irradiation. This ability to stabilize specific shapes

under mild, aqueous conditions provides a platform for future bioprinting strategies where the

encapsulation of cells and the transport of biomolecules are required.

4.4 General Discussion

4.4.1 Limitations and Future Directions

While the collagen-like peptide technology presented in this dissertation presents several
advantages, technical limitations remain. One constraint is the irreversible nature of the covalent
crosslinking utilized in both the Michael addition and photoactivated thiol-ene systems. While
these strong chemical bonds provide mechanical resilience, they lack the dynamic reversibility
seen in purely supramolecular or self-healing hydrogels. Thus, unlike some other peptide

296298 engineered CLP gels cannot self-heal due to the inability of the current CLP

hydrogels,
networks to reform bonds after mechanical failure. Future iterations of this work could incorporate
dynamic covalent chemistries, such as boronate esters*” or disulfide exchange** mechanisms, to

confer self-healing properties without sacrificing the underlying stability of the triple-helical

nodes.
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Furthermore, the "on-the-spot" gelation of the CLP-PEG formulations, while advantageous for
emergency surgical sealants, presents challenges in terms of spatial precision. Because the reaction
kinetics begin immediately upon mixing, the window for fine-tuning the material’s shape is
relatively narrow compared to remotely activated systems.*°! While the photoactivated CLP
system addressed this concern by providing temporal control over gelation, the potential for UVA-
induced cell toxicity during prolonged exposures remains a variable that must be carefully
managed. Transitioning toward visible or infrared light systems by utilizing photoinitiators such
as riboflavin or eosin Y could further enhance the safety profile of these materials and allow for
deeper tissue application.’*?3% This shift would address the biological concerns associated with
ultraviolet exposure, specifically the risk of inducing DNA double-strand breaks and the generation
of intracellular ROS.>® Furthermore, the longer wavelengths found in visible light are less
susceptible to scattering and absorption by the polymer network and surrounding tissue, thus
providing a much greater depth of penetration than UVA light.3%: 37 This is critical for the
development of thicker, 3D scaffolds required for where the hydrogel must be cured deep within

a tissue defect.

The CLPs used in this study contained mostly (POG), motifs along with some examples of (PPG),
to form a collagen-mimetic core. However, other amino acids such as lysine and aspartic acids can
be used to form ionic cores that also result in folding.>** Use of these amino acids can also result
in the generation of ‘sticky ends’ that result in quaternary assembly of different triple helical
barrels, allowing the generation of supramolecular hydrogels without covalent bonding.**
Furthermore, heterotrimers where not all of the three monomers in a triple helix assembly contain

the same molecular sequence can be generated.’*® 3% For a deeper future understanding of CLP
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biomaterials, the effect of using these different folding strategies should be compared to the (POG),

approach utilized in this work.

The murine models used throughout this thesis provide valuable initial data, but the fundamental
differences in physiology limit the reliability of the findings to humans.*!° The lack of common
comorbidities seen in patients such as older age and diabetes is another limitation of the models.*!!
These comorbidities are associated with defective progenitor cell populations and can reduce
regenerative capacity within the tissue, decreasing the ability of biomaterials to stimulate
endogenous repair.®'2!* Furthermore, real patient populations are on medications that the mice
models do not receive, potentially leading to unexpected interactions. Lastly, the timepoints
investigated of a month or less were relatively short. Longer follow-up times are necessary to show
long-term safety. The use of emerging technologies such as organoid’!® and organ-on-a-chip?'®

models along with large animal models and a longer timeframe of testing will improve

translatability and regulatory approval.

The modular architecture of the collagen-like peptide platform developed in this research offers
extensive opportunities for future modification, particularly in terms of biofunctionalization. One
avenue for improvement involves the direct incorporation of specific amino acid sequences that
mimic the native signaling environment of the extracellular matrix. For example, the inclusion of
the GFOGER motif, a well-characterized sequence that facilitates binding to collagen-specific
integrins, could significantly improve cell adhesion within the 3D matrix.’!” In addition to
collagen-mimetic cues, the conjugation of other bioactive peptides, such as the ubiquitous RGD
adhesion motif or specific immunomodulatory sequences, provides a versatile strategy to tailor the
material's biological efficacy for diverse tissue repair applications.’'® Beyond the tethering of

ligands, the CLP hydrogel network can serve as a potent delivery vehicle for a variety of
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therapeutic payloads.®'” The internal porosity and degradability of the material make it suited for
the sustained release of pharmacological agents, including small-molecule drugs or localized
growth factors, as well as the encapsulation and protection of exogenous cells for regenerative

medicine.>?® 32! However, increasing complexity can result in a growing regulatory burden.

The transition from the laboratory to clinical practice involves navigating significant hurdles in
manufacturing, shelf-life, and regulatory approval.*?? The minimalist design philosophy adopted
in this thesis with a focus on short, sequence-defined peptide should lessen the difficulty of meeting
these challenges. Simple materials are generally easier to characterize and validate for regulatory
bodies as they avoid the complexities associated with blended biopolymers or uncharacterized
animal-derived extracts. Practical concerns such as integration into surgical workflows, shelf life,
sterility and cost are of key importance in moving from the research stage to clinical use,
highlighting the need for multidisciplinary collaboration between scientists and clinicians.??’
Biomaterials must be manufactured in large quantities without compromising structural integrity,

bioactivity, or sterility, with industrial peptide synthesis providing a potential solution. In addition

to practical concerns, the models used for materials testing should be examined.

Recent trends in peptide and protein-based biomaterials are characterized by a focus on the
development of multifunctional biomaterials that can not only provide structural support but also
promote healing and regeneration through modular bioactive motifs, immunomodulatory ligands,
and molecular scavenging.’***? To meet these needs, multifunctional biomaterials must be
designed with appropriate mechanical properties, but the optimal values of these properties for
each organ system remain poorly characterized.'*! Optimizing the ability of a material to

accomplish these goals will require further research into pathophysiological processes. Ideally, this
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understanding should be personalized for each patient and their unique needs, including any

comorbidities such as diabetes or advanced age.*?’

To realize this vision of personalized regenerative medicine, the design process must evolve from
a linear progression to an iterative, data-informed cycle (Figure 4.1). By utilizing emerging
technologies such as single-cell and spatially resolved transcriptomics, researchers can gain a
better understanding of the exact biochemical pathways and receptors triggered by the presence of
a material, revealing insights missed by conventional histological approaches.*?® For instance,
analysis of individual cells can identify rare individuals that cause inflammation and fibrosis,*%’
while spatial transcriptomics has recently shown a spatially distinct effect from hydrogel
administration in a rat MI model.**® Integrating these high-resolution biological insights with
artificial intelligence and machine learning could allow for the predictive design of novel material
formulations with optimized bioactivity. Combining these new technological insights with proven

design principles will lead to the next generation of multifunctional and personalized therapies for

soft tissue repair.
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Figure 4.1. Classic research process vs proposed process for development of peptide
biomaterials. (A) Traditional workflow for the development and assessment in vitro and in vivo

of biomaterials for tissue and organ repair, including workflow drawbacks on the right. (B)
Proposed iterative workflow for biomaterial development using advanced OMICS as tools for
identifying mechanisms of action. The multi-staged design of the iterative process calls for
assessment at several check-up points before moving into in vivo models.
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4.4.2 Conclusion

The objective of this thesis was to develop CLP-based biomaterials for soft tissue repair. For in
situ spontaneously gelling CLP-PEG hydrogels, the sequence NH>-GCG(POG)sGCG-OH was
identified as the top candidate. Resulting CLP-PEG materials were cytocompatible and quickly
gelled (<120 s) upon application to the target site. The materials could seal ex vivo mouse skin
with comparable strength to BioGlue and accelerated wound healing in vivo. CLP-PEG hydrogels
were transparent and could successfully both seal and fill corneal defects. Lastly, they were
injectable and preserved heart function in a mouse MI model. Photoactivated CLP-only hydrogels
were also developed, with the sequences NH>-GCG(POG)sGK(alloc)G-OH and NH>-
CCC(POG)sK(alloc)>G-OH identified as the most promising ones. CLP-only materials were
cytocompatible and could seal ex vivo mouse skin with strength comparable to Liquiband. These

minimalistic but tunable CLP biomaterials provide a multifunctional platform for soft tissue repair.
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Appendices

5.1 Supplemental Data

Percent Pep-5 oxidized in HBSS (%)
o

0 | v | ' | v |
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Time (min)

Figure S1. Engineered peptide sequences do not form dimers in solution. Relative abundance
of Pep-5 monomer to disulfide dimer measured through mass spectroscopy identification of
[M*2+3H] signal for the disulfide dimer product in Hank’s buffer saline solution (HBSS). Dimer
formation creates a new peptide mass of 2,591*2 — 2H = 5,180 Da that produces a +3H ion signal
of 1,728 Da.
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Figure S2. Engineered peptide sequences contain reactive thiols. Percent reactive thiol for Pep-
5 (NH2-GCG(POG)sGCG-OH), Pep-10 (NH2-GGG(POG)sGGG-OH), and free cysteine (positive
control). Reactivity was measured with Ellman’s assay via reaction with 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB). All solutions were freshly prepared in 100 mM sodium phosphate
buffer pH 7.4 while samples (n=3) prepared at a concentration of 0.5 mM for peptides (1.0 mM
thiol concentration for Pep-5 containing two cysteines) and 1.0 mM free cysteine then diluted 21x
with 0.5 mM DTNB and incubated for 30 minutes in the dark before measurement. The sequence
containing cysteine (Pep-5) showed similar available cysteine compared to the control while the
sequence with no cysteine residues (Pep-10) showed no available cysteine.

o
T
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Figure S3. Engineered peptide sequences display melting curve profiles similar to collagen like peptide. 7op left: CD spectra for
selected peptides (3, 4, and 5) measured at 200 uM concentration in phosphate saline buffer pH 7.4. The other plots in the figure
correspond to melting curve plots measured for the 21 peptides and CLP at 220 nm scanned from 20 to 75 °C. Curves were fitted using

a sigmoidal model with R > 0.99.
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Figure S4. Engineered peptide sequences fold in a concentration dependent manner. The
folding (Rpn) of the top candidate peptide Pep-5 and the control CLP at different concentrations.
Experiments were carried out in phosphate saline buffer pH 7.4.
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Figure S5. Amino acid sequence influences 3D structure of the engineered peptide. 7op:
Representative examples for modelled collagen-like peptides display a tight barrel-like core
structure that unwinds at the ends as measured from the centre of the barrel. Bottom: Calculated

distances (central vector model, see experimental) measured at the bottom (carboxy terminal) or
top (amine terminal).
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Figure S6. Root Mean Square Fluctuation (RMSF) and Root Mean Square Deviation (RMSD) analyses for peptides illustrate
Pep-5’s unique geometrical features while conserving folding stability. 7op: Root Mean Square Fluctuation (RMSF) for each residue

of the simulated peptides as a function of their initial conformation, highlighting residues with a higher average of motion over time
(last 200 ns). The graphs were organized based on the length of each peptide. Bottom: Root Mean Square Deviation (RMSD) of each
peptide in the final 200 ns of simulation relative to its initial conformation. This average distance of all atoms demonstrates that peptides
achieve structural stability that persists over time. The graphs maintain the same distribution as in the case of RMSF.
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Figure S7. Modification of a single amino acid in peptide sequence affects bonding capacity
of the engineered hydrogel. To investigate the effect of the glycine spacer the most effective
sequence of Pep-5 was altered by removing a glycine spacer to produce the sequence Pep-17.
Tensile strength testing was performed for these two peptides. The spacer peptide sequence was
significantly stronger p<0.05 (~45 kPa, n=5) than the sequence lacking a spacer (~18 kPa, n=5)
despite similar folding propensity (Rpn 0.087 vs 0.080 for Pep-5 and Pep-17, respectively) which
could indicate a less efficient coupling reaction.
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Figure S8. Maleimide stability is temperature dependant. Changes in absorption intensities at 300 nm (squares) and 260 nm
(rhomboid) for maleimide solutions measured in carbonate buffer at three different temperatures (n = 3). Changes in absorption
intensities are indicative of maleimide group hydrolysis.
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Figure S9. Peptide-based material can be prepared in different buffers. The ability of the top
peptide candidate (Pep-5) to form hydrogels was tested in various common buffers (ammonium
bicarbonate, MES, Tris, PBS) in a range of physiological pH values (6.4-7.4) and different ratios
of peptide to PEG maleimide (CMrtio). Representative pictures taken after 30 min hydrogel
preparation. Hydrogel formation was visible in all buffers at the different CM o tested. Note that
for the 4.0 CMatio, the hydrogel must be removed from the Eppendorf tube as it was a solid
material. Scale bars for 1.0 and 3.0 CMuatio are 5 mm. For the 4.0 CMuao scale bar is 2 cm.
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Figure S10. Pep-5 is the best peptide sequence for tissue bonding. Tensile strength in kPa for mice skin ex vivo bonding carried out
using the different peptide variants (CMatio = 4.0, n = 5). Samples measured in quintuplicate. P value calculated from t-test (two tails
unpaired data).
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Figure S11. Pep-5 hydrogels are porous. Hydrogel samples of Pep-5 formulations were either tested right after preparation or swollen
overnight in phosphate saline buffer. Then, the hydrogel structure was evaluated using a TESCAN scanning electron microscope, Model
Vegall XMU, at low-vacuum conditions. SEM images of hydrogels were captured at varying magnifications. Setting conditions included
an acceleration voltage of 20 kV, a Cryo-Stage temperature of —50 °C and a chamber vacuum =~ 35 Pa.
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Figure S12. Engineered peptide sequences do not exhibit toxic side effects for human skin
fibroblast cells. Cell viability measured using Live/Dead assay for fibroblast cells seeded on top
of Pep-5 hydrogels or gelatin coated well plates (48 h post seeding, n = 3). Data was not statistically
different between the two groups.
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Figure S13. CD206+ positive cells in animals treated with the different experimental groups. Top images show representative
images for tissue slides displaying CD206+ positive cells for suture, BioGlue, and peptide (Pep-5) treated groups. Data showed no
statistically significant differences between all three groups.
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Figure S14. Engineered peptide sequences do not exhibit toxic side effects for human
epithelial corneal cells. Cell viability measured using Live/Dead assay for human epithelial
corneal cells seeded on top of Pep-5 hydrogels or gelatin coated well plates (48 h post seeding, n
= 3). Data showed no statistically significant differences between all three groups.
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Figure S15. Selected HPLC traces for peptides 1-5. Peptide purity and identity was confirmed
via HPLC-UV/MS in an Agilent 1260 Infinity II system using a 4.6 x 100 mm Agilent C18 column.
A gradient of 0% to 40% phase B over 20 minutes was utilized with phase A consisting of
water/acetonitrile 5%/formic acid 0.1%/TFA 0.01% and phase B acetonitrile/water 2%/formic acid
0.1%/TFA 0.01% at a flow rate of 1.5 mL/min.
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Infrared characterization

A comparison of the FTIR spectra of reactants and Pep-5 hydrogel is shown in Figure S16. The
spectrum of PEG-MAL shows characteristic signals at 1095 cm™, attributed to st C—O vibration,
1710 and 1738 cm™!, corresponding to NC=0O cyclic imide modes (symmetric and asymmetric),
1670 cm™! attributed to the C=C of maleimide, and 2880 cm!, attributed to st C-H of PEG polymer
chain. Moreover, the Pep-5 peptide shows the characteristic proteins and peptide signals: st N-H
at 3310 cm™!, Amide I at 1630 cm™', Amide II at 1544 cm™!, and Amide III at 1444 cm™!, among
others. FTIR was also used to analyze the obtained hydrogel from Pep-5 and PEG-MAL.
Characteristic signals of PEG and Pep-5 can be observed. Although the S-H bond of the thiol signal
from Cys residue typically observed at 2300 — 2500 cm™ cannot be elucidated, the shifting of the
maleimide carbonyl signal in PEG from 1710 to 1698 cm™ in the Pep-5 hydrogel could indicate
the cross-linking reaction. Furthermore, the change in the Amide I region (1750-1550 cm™) could
be understood as changes in the backbone conformation of the peptide-based hydrogel. Figure
S22B-E shows the Gaussian fits of the Amide I region of Pep-5 and Pep-5 hydrogel at different
CM.aiio values. In the same region of the spectra of the Pep-5 hydrogel, a change in the intensity
of the folding peaks is observed, indicating a change in the arrangement due to the reaction with
PEG-MAL. Besides, a new peak appeared at 1705 cm™!, which could be attributed to the carbonyl
signal of the now-reacted maleimide residue (red peaks). The comparison of PEG-MAL and Pep-
5 hydrogel spectra at CMratio 4.0 denotes the absence of the C=C of maleimide groups, which
indicates a complete functionalization of PEG-Maleimide with Pep-5. The appearance of a signal
around 1650 cm™ for CMratio 3.0 and 1.0 (violet peak) attributed to C=C stretching indicates the
presence of unreacted maleimide groups. These results are expected due to a lower amount of thiol
than maleimide groups. Considering that the S-H vibrational mode is not observed in the IR spectra
of the peptides and the Cys thiol group is a highly reactive functional group, the presence and
relative intensity of the C=C maleimide peak could indirectly indicate the efficiency of the
reaction, giving lower values when the reaction is more efficient. Comparing the overall area of
the Gaussian fit peak of the Amide signal (green, yellow and blue peaks) with the peak area of
C=C maleimide, the results indicate that in a 4:1 ratio, the reaction is more efficient due to a 100%
amide area, as explained before. For the Pep-5 hydrogel at CMaiio 3.0, a relative peak area of the
maleimide double bond is evidenced. This peak increases at CMratio 1.0, indicating more C=C
groups in the hydrogels with a lower ratio. The same analysis was carried out using Pep-10,
corresponding to a sequence without thiol groups (Figure S17), to corroborate this point. The
Gaussian fit in the Amide I region of the mixing of PEG-MAL and Pep-10 shows the characteristic
signals of maleimide at 1738, 1707 and 1670 cm™!, indicating the non-reaction between maleimide
groups and Pep-10. In summary, comparing the hydrogels prepared with Pep-3 (Figure S18), Pep-
4 (Figure S19) and Pep-5 at different CM:atio values, it is possible to rationalize the ability of each
peptide to react with PEG-MAL, giving a higher relative area percent of Amide I/C=C signal for
those efficient hydrogels, as shown in Figure 3.1H.
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Figure S16. FTIR analysis of Pep-5 and other components. (A) FTIR spectra for the different components of the peptide-based
material prepared using Pep-5. (B-E) Gaussian fit analysis for Pep-5 alone or mixed with PEG-Mal at different CMasio values.
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Figure S17. FTIR analysis of Pep-10 and other components. (A) FTIR spectra for the different components of the peptide-based
material prepared using Pep-10. (B-C) Gaussian fit analysis for Pep-10 alone or mixed with PEG-Mal.
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Molecular

Sample Sequence Weight Nlel:Iil(ll)l:;' M+2H Ion M+3H Ion pu(lj'il:;(:‘e’ %)
(g/mol)
Pep-1 NH2-GCG(POG)sGCG-OH 1522 18 761.8 508.2 73
Pep-2 NH2-GCG(POG)sGCG-OH 1789 21 895.5 597.3 64
Pep-3 NH>-GCG(POG)sGCG-OH 2056 24 1029.1 686.4 79
Pep-4 NH>-GCG(POG)GCG-OH 2323 27 1162.7 775.5 74
Pep-5 NH>-GCG(POG)sGCG-OH 2591 30 1296.4 864.6 75
Pep-6 NH>-GCG(POG)9yGCG-OH 2858 33 1430.0 953.7 54
Pep-7 NH>-GCG(POG)10GCG-OH 3125 36 1563.7 1042.8 43
Pep-8 NH>-GGG(POG)sGCG-OH 2545 30 1273.3 849.2 54
Pep-9 NH>-GCG(POG)sGGG-OH 2545 30 1273.3 849.2 61
Pep-10 NH>-GGG(POG)sGGG-OH 2499 30 1250.3 833.9 69
Pep-11  NH:-GGG(POG)3(PCG)2(POG):GGG-OH 2479 30 1240.3 827.2 75
Pep-12  NH>-GGG(POG)(PCG)(POG)sGCG-OH 2535 30 1268.3 845.9 67
Pep-13 NH>-GCG(POG)s(PCG)(POG):GGG-OH 2535 30 1268.3 845.9 74
Pep-14 N 2479 30 1240.3 827.2
GGG(POG)2(PCG)(POG)(PCG)(POG):GGG-OH 69
Pep-15 NH2-GCG(POG)4POV(POG);GCG-OH 2633 30 1317.5 878.7 64
Pep-16 NH>-GCG(PPG)sGCG-OH 2463 30 1232.4 821.9 64
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Pep-17 NH2-GC(POG)sCG-OH 2477 30 1239.3 826.6 73

Pep-18 NH,-GCV(POG)sVCG-OH 2675 30 1338.5 892.6 68

Pep-19 NH,-GCR(POG)sRCG-OH 2789 30 1395.5 930.7 56

Pep-20 NH,-GCC(POG)sCCG-OH 2683 30 1342.5 895.3 72
Pep-21 NH- 2571 30 1286.4 857.9

GCG(POG)2(PCG)(POG)2(PCG)(POG).GCG-OH 57

CLP NH,-CG(PKG)4(POG)4(DOG)s-OH 3518 38 1759.9 1173.6 NA

Table S1. List of peptide codes, their sequences, molecular weights, and crude purity for on-the-spot peptides. List of peptide
codes, their sequences, molecular weights, and crude purity for on-the-spot peptides. Mass spectra illustrating detected ions are also
included in the table. A set of selected HPLC profiles is included in Figure S15 and representative mass spectrometry data for each
peptide are presented in the following pages.
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Figure S20. Mass spectra for on-the-spot peptides.
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*

Denaturation

Gelation time (s)* | Transmittance (%)™ Refractive Index™™ Water Content (%)’ | Temperature
CO)'t
CMuwio |1 |3 |4 1 |3 | 4 1 |3 | 4 1 13 |4 1 [3 |4
Pass | 15 and >90 >85% >1.33 >90% >42°C
criteria
1.34897 | 1.35480
120 |13 £ |16 +| 98592+ 8321+ |9L18% |133727+
Pep-1 . N NA |NA |NA | NA | NA | NA
+20 |6 |15 |0.86 23.60 1224 000261 |00 |50
1.35104 | 1.35485
Pep-2 | oo | 30 | O e | . NA |NA |NA | NA|[NA|NA
: : : : 0.00030 | 0.00686
pep.s |108 |31 |S8+|07.689% 0710+ | 8797+ | 1338723 134807 1 135584 1| 97171 965519615 | 79,3 | 303 | 66
+8 |19 |6 | 1.04 7.62 0.84 000243 |5 000 1T ioco 1520 020 loar | 18|55 |126
peps |57 %| 34+ |56 £ (95896 | 9535+ | 8961+ | 133853+ 13U 135677 ) 97.38 | 268919647 | 574 | 989 1 59
19 14 17 1437 6.49 s 0.00257 1 401066 | 0.00512 |0.06 |0.34 028 | |100]°3
134728 | 136068 | o6 31 | 96.54 | 96.54
pep.s |33 %[38 % |55 £] 96721 | 03012 | 9747+ | 133991 | N (0311903419038 4gx | 514 | 542
1 |28 |28 |116 1.85 3.71 0.00181 |00 o 000425 [T [T |7 |66 |10 |56
50 |16 + |66 +|95.938 + 534+ |5538+ |1.34120 | 130074 | 135859 1 96.72 96.65 | 96.00
Pep6 130 (11 |10 |321 2834|3478 |0.00082 | * £ = (= I NAJNA|INA
: : : : 0.00300 | 0.00499 | 0.20 | 0.05 | 0.30
135222 | 1.36312
Pep-7 ‘3‘; * ‘3‘3 = Zz * 349';36* 369"7‘6* fg'gzi (1)'33‘1‘23* n n NA |NA |NA |NA|NA | NA
: : : : 0.01363 | 0.00417
| 3aags | 134861 | 135858
Pep-8 | 120+ | 120+ | 120+ | N/A N/A N/A s | + NA |NA | NA | NA | NA | NA
: 0.00171 | 0.00204
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1.35964 | 1.37796
Pep-9 | 120+ |} s A N/A N/A 1'3407(?13’8 .| n NA |NA |NA | NA|NA |[NA
: : 0.00411 | 0.01191
| 3ag0s | 135812 | 1.37639
Pep-10 | 120+ | 120+ | 120+ | NJA | N/A NA | " NA |NA |NA | NA|NA | NA
: 0.00542 | 0.02138
82.2701 1.35160 | 1.36180
Pep-11 | o0 © 944 | 3% | s Srelal sl Buosschal It N NA |NA [NA | NA|NA | NA
32.1264 | 3% : : 0.00485 | 0.00447
80.3464 1.34766 | 1.36180
Pep-12 |43 | 17 | 9 F | Pl E | I8 1y ot N NA |NA |[NA | NA|NA | NA
: : 34.0854 | " 0.00043 | 0.00447
99.1600 | 98.6291 | 1.35504 £ | 1.35204
Pep-13 ;g 1812|095 386'333* . . 0.0001044 | + (1)'(3)3(7);3* NA |NA |NA |NA|NA |[NA
: 0.4748 | 0.6017 0.00303 |
1.346036
98.1086 1.36857
8+ |36 +|99.23757 100.4622 | 1.34569 + | +
Pepdd|3=117 150 |zo0s8020 ¥ £0.4011 | 0.000197 | 6.4444E- | = NIA | Nia | NIA - Nia | Nid | NiA
1.6418 o 0.000846
73 1.34919 | 1.37974
88 + 115 | 98350+ | 94.44+ | 100.0947 | 1.34100 £
Pep-15 122 N N NA |NA |NA | NA|NA | NA
21 £28 | 2.6815 | 6.34 £23251 | 0.00275 | 5o [T o
1.35655 | 1.35160
24 £33 £| 118 |99.009+ |98.19+ |97.42+ | 133948
Pep-16 N N NA |NA |NA | NA|NA|NA
s |21 |+£73 | 08651 |2.33 090 |000s82 (T[T
1.34784 | 1.35425
Pep-17 ;g * ;g * Zg * 387'3(1’* ?6535* ‘1‘73'36* 5'33233* n N NA |NA |NA |NA|NA | NA
: : : : 0.00312 | 0.00628
1.35228 | 1.36469
Pep-18 | 2£2 gg £ 120+ 91’75(2)‘5‘3* 383;27* ?351* (1)'(3)32%* L N NA |NA [NA | NA | NA | NA
: : : : 0.0027 | 0.00173
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1.34469 | 1.36398

Pep-19 | 64 | 6+5 }; + 39‘;%;* 387°§5* 22'33‘* (1)'(3)(3)33313* " N NA |NA [NA | NA | NA | NA
: : : : 0.00032 | 0.00201
1.34393 | 1.36782

Pep-20 [4£1 | 5=4 ;g * g%gggi ?71'27* ?81'?* ;gggg;* + N NA |NA |NA |NA|NA|NA
: : : : 0.00611 | 0.00440
1.36386 | 1.36961

Pep-21 ;0 1212|824 gségg* 25337* gg;” ;g;?g; + N NA |NA |NA |NA|NA |[NA
) : : e 0.00039 | 0.00046
1.36317 | 1.37916

CLP | 120+ | 120+ | 120+ 39534113i ;0441.74i fliz-i;gi ;-3323* + + N/A |N/A |N/A |N/A |NA | NA
: : : : 0.00108 | 0.00714

Sample sizes: 'n =5, " n=3, "' n=3,"n=3, "'n=3
Table S2. Raw data used to prepare heatmaps presented in Figure 3.1 B-F. Experimental details can be found in the methods section.

Sample sizes for each group are listed at the bottom of the Table.
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Figure S21. UVA absorbance spectra of peptide and Irgacure-2959 photoinitiator. Optical
density in the UVA (315-400 nm) region was measured for 5% w/v Pep 10 ((NHa-
GCG(POG)sGK(alloc)G-OH), light teal) and 5 mM Irgacure-2959 (dark teal) in 1X PBS solution
(pH 7.4).
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Figure S22. Effect of peptide folding time on hydrogel mechanical properties. A 5% w/v
solution of Pep 10 (NH2-GCG(POG)8GK(alloc)G-OH) in 1x PBS (pH 7.4) was stored at 4 °C for
0, 1, or 24 h prior to UV irradiation with 0 or 1 mM Irgacure-2959. Storage modulus (G’) was
measured by oscillatory strain sweep (0.1-1%) in the linear viscoelastic region. Values represent

mean + standard deviation (n = 3). Statistical comparisons were performed using an unpaired t-
test with unequal variance. *P < 0.05, **P <0.01, ***P <0.001.
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Figure S23. Time-dependent oxidation of cysteine-containing peptides in solution. Percent
reactive thiol content of Pep 10 (NH2-GCG(POG)sGK(alloc)G-OH) was quantified over time
using Ellman’s assay via reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). Peptide
solutions were freshly prepared at 0.5 mM in 100 mM sodium phosphate buffer (pH 7.4), diluted
21-fold into 0.5 mM DTNB, and incubated for 30 min in the dark prior to absorbance
measurement. A progressive decline in reactive thiol percentage was observed over time,
indicating oxidation of free thiol groups during storage in solution. Values represent mean =+
standard deviation (n = 3). Statistical comparisons were performed using an unpaired #-test with
unequal variance. *P < 0.05, **P <0.01, ***P < 0.001.
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Figure S24. Influence of peptide folding time and photoinitiator concentration on hydrogel
mechanical properties. A 5% w/v solution of Pep 10 (NH2-GCG(POG)sGK(alloc)G-OH) in 1x
PBS (pH 7.4) was incubated at 4 °C for 0, 1, or 24 h prior to UV irradiation with either | mM
(circle) or 5 mM (triangle) 1-2959. Storage modulus (G”) was measured via oscillatory strain sweep
(0.1-1%) within the linear viscoelastic region. Values represent mean + standard deviation (n = 3).
Statistical comparisons were performed using an unpaired #-test with unequal variance. *P < 0.05,

**pP<0.01, #**P <0.001.
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Figure S25. Circular dichroism spectra and thermal denaturation profiles of engineered
peptides. Top left: far-UV CD spectra of selected peptides (Pep 8, 10, 14, 16) were recorded at
200 uM in 1 mM phosphate buffer (pH 7.4) at 20 °C, confirming triple-helix secondary structure
with a characteristic maximum near 225 nm. Right and bottom panels: thermal unfolding profiles
of all collagen-like peptides (Pep 6-20) were acquired by monitoring ellipticity at 225 nm from 15

°Cto 85 °C.
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Ry = 0.030
Ryn = 0.085
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Figure S26. A single glycine-to-valine substitution within the triple-helix domain disrupts
folding and reduces hydrogel mechanical strength. A 5% w/v solution of Pep 10 (NH»-
GCG(POG)sGK(alloc)G-OH, square) was compared to an amino acid substitution variant (Pep 16,
NH>-GCG(POG)sPOV(POG):GK(alloc)G-OH, circle) in which a single glycine was replaced with
valine. Circular dichroism (CD) spectra were collected with 200 uM peptide in 1 mM phosphate
buffer (pH 7.4) and the ratio of positive to negative peak intensities (Rpn) was calculated as a
measure of triple-helix content. The valine substitution resulted in a significantly reduced Rpn value
(0.030 vs 0.085), indicating impaired folding, and correspondingly led to a drastic reduction in
hydrogel storage modulus (G’). Values represent mean + standard deviation (n = 3). Statistical
comparisons were performed using an unpaired z-test with unequal variance. *P < 0.05, **P <
0.01, ***P < 0.001.
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Figure S27. Molecular dynamics simulations of average lysine (alloc) interchain interactions.
Initial configurations were generated by placing the individual helices at a distance shorter than
the nonbonded interaction cut-off. For each system, six production runs of 100 ns were performed
in explicit solvent using the TIP3P water model. The simulations utilized the CHARMM?36 force
field, as implemented in the GROMACS software package.
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Figure S28. Molecular dynamics simulations of average cysteine interchain interactions. Initial configurations were generated by
placing the individual helices at a distance shorter than the nonbonded interaction cut-off. For each system, six production runs of 100
ns were performed in explicit solvent using the TIP3P water model. The simulations utilized the CHARMM36 force field, as

implemented in the GROMACS software package.
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Figure S29. 2D Cytocompatibility of Pep 10 hydrogels with human skin fibroblasts.
Hydrogels (5% w/v Pep 10 in 1% PBS with 5 mM Irgacure-2959) were UV-irradiated for 20 min,
sterilized, and seeded with HSF cells (5 x 10* cells/well). After 24 h, viability was assessed using
a Calcein-AM/EthD-1 live/dead assay. Quantification showed no significant difference in viability
to tissue culture plastic negative control. 10% DMSO treatment was used as a positive control for
cell death. Values represent mean + standard deviation (» = 3). Statistical comparisons were
performed using an unpaired #-test with unequal variance. *P < 0.05, **P < 0.01, ***P < 0.001.
Representative fluorescence images shown. Scale bars = 100 um.
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Figure S30. 3D Cytocompatibility of Pep 10 hydrogels with human skin fibroblasts. HSF cells
in serum-free DMEM were mixed with Pep 10 in 1x PBS with 20 mM LAP to produce a peptide
and cell concentration of 5% w/v and 4 x 10° cells/mL, respectively, before UV-irradiation for 15
s or 1 min. After 24 h, viability was assessed using a Calcein-AM/EthD-1 live/dead assay. Values
represent mean =+ standard deviation (n = 3). Statistical comparisons were performed using an
unpaired 7-test with unequal variance. *P < 0.05, **P < 0.01, ***P < 0.001. Representative
fluorescence images shown. Scale bars = 100 pm.
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Peptide (junction chemistry) G’ [Pa] é(affine) [nm] é(phantom) [nm]

Pep 10 (f=2, AL) 440 + 5 26.1+0.1 22.83 +0.08
Pep 11 (f=3, AL) 700 + 100 2+1 20.2+0.9
Pep 12 (f=3, AL) 800 = 200 2 +2 20+2
Pep 13 (f=4, AL) 1500 % 200 17.4+0.6 16.4+ 0.6
Pep 14 (f=5, AL) 2600 + 200 14.5+0.3 13.8+0.3
Pep 17 (f=5, MA) 350 + 50 28+ 1 27+ 1
Pep 18 (F=5, AC) 500 = 100 25+2 24+2
Pep 20 (F=2, AC) 25446 314403 274402

Table S3. Storage modulus (G’) and estimated network mesh size () for peptide-based
hydrogels (5% w/v). Storage moduli were obtained from oscillatory shear measurements in the
linear viscoelastic region (0.01-1 Hz). Network mesh size (¢)*’* ?’'was estimated from rubber

elasticity theory using:
£ = <6MC )
mcNy

The molecular weight between crosslinks (M.) was derived from G’ under either affine or phantom
network assumptions. Values represent mean =+ standard deviation (n = 3).

Wl
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Molecular

Sample Sequence weight M+2H Ion M+3H Ion
(g/mol)
Pep 1 NH2-(K(alloc))>GGGCC-NH> 819.0 410.5 -
Pep 2 MA-K(s-MA)GGG-OH 453.5 - -
Pep 3 MA-K(s-MA)GGGC-NHa 555.6 -- --
Pep 4 MA-POGPCG-OH 610.2 -- --
Pep 5 MA-(POG);PCG-OH 1144.5 573.3 --
Pep 6 MA-(POG)sPCG-OH 1678.7 8404 560.2
Pep 7 MA-(POG)7PCG-OH 2213.0 1107.5 738.7
Pep 8 NH>-GK (alloc)G(POG)sGK (alloc)G-OH 2809.0 1405.5 937.0
Pep 9 NHz-G(K(alloc))2(POG) (K(alloc)):G-OH 31193 1560.7 1040.4
Pep 10 NH2-GCG(POG)sGK (alloc)G-OH 2699.9 1351.0 900.6
Pep 11 NH>-GCC(POG)sGK (alloc)GG-OH 2745.9 1374.0 916.0
Pep 12 NH2-GCG(POG)sK (alloc)G-OH 2855.1 1428.6 952.4
Pep 13 NH2-GCC(POG)sK(alloc):G-OH 2901.1 1451.6 967.7
Pep 14 NH,-CCC(POG)sK(alloc)2G-OH 2947.2 1474.6 983.1
Pep 15 NH>-CCC(POG)sK (alloc)s-NH: 31024 1552.2 1034.8
Pep 16 NH2-GCG(POG)4sPOV(POG);GK(alloc)G-OH 2741.9 1372.0 914.6
Pep 17 NH»-CCC(POG)sK(e-MA)2G-OH 2915.2 1458.6 972.4
Pep 18 NH>-CCC(POG)sK (e-Ac)2G-OH 2886.2 1444.1 962.7
Pep 19 NH:-GCG(POG)sGK (e-MA)G-OH 2683.9 1343.0 895.6
Pep 20 NH2-GCG(POG)sGK(s-Ac)G-OH 2669.9 1336.0 890.1

Table S4. List of peptide codes, their sequences, molecular weights, and theoretical ions.
Representative mass spectrometry data for each peptide illustrating detected ions are presented in

the following pages.
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Figure S31. Mass spectra for photoactivated peptides.
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Pep 19 H-GCG(POG)sGK(s-MA)G-OH
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Pep 20 H-GCG(POG)sGK(g-Ac)G-OH 2669.9 1336.0 890.1
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