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Abstract 

 

Zwitterionic polymeric hydrogels (polyampholytes) have shown promise as functional 

biomaterial platforms with resistance to nonspecific protein adsorption (non-biofouling) and 

as controlled release drug delivery materials. However, there are few zwitterionic cross-linkers 

to complement these materials and provide a fully zwitterionic material. To date, available 

zwitterionic cross-linkers have been limited to carboxybetaine or sulfobetaine 

acrylate/methacrylates and only one of these has been tested in vivo. Peptides offer a highly 

adaptable zwitterionic scaffold to imbed a series of desired functions. To investigate this 

hypothesis a simple N-Ser-Ser-C dimethacrylate cross-linker was synthesized. This novel 

cross-linker was incorporated into a polyampholyte hydrogel, and its physical properties and 

biocompatibility were compared against a polyampholyte hydrogel synthesized with an EG-

based cross-linker to reveal increased non-fouling performance, while promoting enhanced 

cellular adhesion to fibrinogen delivered from the hydrogel over commercial polyethylene 

glycol (PEG) cross-linkers. Therefore, these results suggest that the S-S cross-linker will 

demonstrate superior future performance for in vivo applications Continuing, a library of serine 

and lysine based zwitterionic dimethacrylamide and mixed methacrylate/ methacrylamide 

zwitterionic dipeptide cross-linkers (Lys-Lys, Ser-Lys, Lys-Ser) have been developed to 

provide a tunable polymer platform that retains the desired non-fouling properties. Moreover, 

this strategy was employed to build tripeptide zwitterionic cross-linkers as to extend the 

distance between the zwitterionic components, another key feature not amenable in the 

carboxy- or sulfobetaine based cross-linkers. Peptide-based cross-linkers can be synthesized 

following an ‘outside-in’ approach and key to this route is selective protection strategy of both 
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N and C termini, peptide coupling, and chemo-selective protection and deprotection strategy. 

It has been hypothesized that molecular-level control over the length, charge spacing, charge 

density, and sidechains will lead to fully tunable polymer hydrogels for directed biomaterial 

scaffolds. 
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Chapter 1: Introduction to Peptide-Based Zwitterionic Cross-linkers as Elements of 

Biomaterials 

A biomaterial is a substance that has been engineered to interact with biological-

systems.1 By definition, a biomaterial is a non-viable material used in a medical device, 

intended to interact with a biological system (Williams, 1987).2 The first biomaterials were 

applied in medicine in the late 1940s and early 1950s and since then biomaterials have evolved 

in the past 70 years (as of this writing) from improvised materials to a systematic 

multidisciplinary field represented by many researchers in the scientific community, and with 

numerous applications.3 

The first-generation biomaterials were composed largely of off-the-shelf and widely 

available industrial materials. Even though they were bioinert, they were not well suited for 

medical use. The widely used elastomeric polymer, silicone rubber is an example of these types 

of biomaterials.4 Silicone rubber is superior in terms of its heat and abrasion resistance 

capabilities as well as chemical stability compared to organic rubbers and because of these 

unique features, silicone rubber has been widely used to replace petrochemical products in 

various industries like aerospace, automobile, construction, electric and electronics, medical 

and food processing industry. Second-generation biomaterials emerged from the early 

predecessors and were designed to induce the intended therapeutic effects by a controlled 

reaction with the tissues.5 These second-generation biomaterials also included the development 

of biodegradability, the rate of which could be tailored to its desired application. Biodegradable 

polyglycolic (PGA) acid, for example, has been introduced for clinical applications since the 

1960s and has been used extensively for its strength, flexibility, and chemical composition, 

which is conducive to tissue development. The third generation of biomaterial has been 
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designed for supporting and stimulating the regeneration of functional tissue.6–8 Biomaterials 

play an important role in the field of regenerative therapeutics; with the help of biomaterial 

true replacement of living tissue was made possible for tissue engineering purposes. In the 

most frequently used protocol, the cells are seeded on a scaffold composed of synthetic 

polymer or natural material and a tissue is matured in vitro. The construct is then implanted in 

the appropriate location. A typical scaffold is capable of being absorbed into living tissue over 

time and has a porous configuration in the desired geometry.9 The biomaterial community has 

made major contribution in understanding the interplay between physiological environment 

and external materials. Nowadays, a wide variety of biomaterials are commercially available, 

and many others are under investigation to both maintain and restore bodily functions. In the 

past two decades the growth of this field has been exceptional and there is a growing 

appreciation of the importance of their topological and mechanical properties in guiding 

biological responses. For example, antibacterial biomaterials, such biomaterials are 

characterized by antifouling coatings, exhibiting low adhesion or even repellent properties 

towards certain microorganisms, or they can also be used as antimicrobial coatings and are 

able to kill certain microbes approaching the surface.10 These biomaterials not only allow 

targeted delivery of multiple agents but also provides sustained release at the infection site, 

thereby reducing potential harmful effects of bacterial infection. The number of FDA-approved 

anti-infective biomaterials has significantly increased in the past decade which indicates the 

need for alternatives to systemically administer antibiotics that often encounter difficulty in 

penetrating the cell wall and reaching the bacteria. Most of these biomaterials have been 

strategically synthesized to provide antimicrobial activity by drug-releasing or non-releasing 

approaches.11 Biomaterials have also been used as drug carrier systems which are defined as 
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substrates used in the process of drug delivery and are primarily used to control the release of 

drugs into systemic circulation. The mode of drug delivery affects numerous factors that 

contribute to therapeutic efficacy, including pharmacokinetics, distribution, cellular uptake as 

well as toxicity and excretion. Moreover, certain drugs lose their actionable properties due to 

changes in environmental factors such as moisture, temperature, and pH, which can occur 

inside the body.11 Biomaterials have shown to effectively deliver a range of pharmaceutical 

compounds including antibodies, peptides, vaccines, drugs, and enzymes, and help improve 

the selectivity, effectiveness, and safety of drug administration. In 1989, the U.S. Food and 

Drug Administration (FDA) approved the first system to slowly release a peptide.3 These are 

polymer microspheres that slowly release luteinizing hormone-releasing hormone (LHRH) 

analogues, which are of about 1200 Da molecular weight. This molecule, if given orally or 

injected in unencapsulated form, is rapidly destroyed. However, when placed in a polymer 

matrix, release occurs over four months.11 

Over the past fifty years biomaterials have been developed as a science with various 

forms of implants/medical devices and have been studied and developed for multiple 

applications in the human body. Implants are defined as objects that do not require any power 

source to carry out their expected functions whereas devices are objects that require a form of 

power, which may be chemical or electrical.12 Examples of implants include knee or breast 

implants, whereas examples of devices include pacemakers and defibrillators. Biomaterials are 

a critical platform technology used in tissue regeneration, and they play a critical role in the 

foreign body response and the induction of healing upon implantation. The aim of regenerative 

medicine and tissue engineering is to make structural and functional biological replacements 

that maintain, improve, or repair tissue functions by using scaffolds, cells, and bioactive 
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molecules.13 They range from manmade objects that provide physical support, such as bone 

plates, and joint replacement to applications that improve functionality of human organs, such 

as the pacemaker, artificial heart, and blood vessel.14 They have also been used as scaffolds 

which are 3D polymeric network that mimics ECM (extracellular matrix) with the aspect of 

morphological, biochemical, and mechanical characteristics to improve cell adhesion, 

proliferation, and differentiation to provide the structural support for cell attachment and 

subsequent tissue development.15 Different natural and synthetic polymers are used alone or in 

combination for tissue engineering purposes. Synthetic polymer-based scaffolds can be 

fabricated in a manner that provides structural and mechanical characteristics of native tissue 

ECM. 

Polymeric materials have been frequently used as biomaterial because of the ease of 

synthesis, flexibility, as well as their wide range of mechanical, electrical, chemical, and 

thermal behaviors. One of the earliest examples of biomedical application of polymers is the 

use of poly(hydroxyethyl methacrylate), pHEMA, in contact lens. The first commercialized 

contact lens material was synthesized using pHEMA with an equilibrium water content (EWC, 

percentage of water by weight) of approximately 40%, and was introduced by Wichterle and 

Lim in  1959.16 pHEMA is a biocompatible, optically transparent, hydrophilic, non-degradable 

polymer and is stable under different physiological pH. Polymeric materials are particularly 

useful as contact lenses because of their relatively good mechanical stability and favorable 

refractive index.17 More recently, extended wear contact lenses have been fabricated from an 

IPN (interpenetrating polymer networks) composed of PNVP Poly(vinylpyrrolidone) chains 

entrapped within a silicone hydrogel network. In this system silicone monomers and cross-

linkers are polymerized in a solution containing PNVP, and an IPN hydrogel is formed. The 
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PNVP helps lubricate the surface of lens against the cornea, and the silicone hydrogel provides 

high oxygen transport to the cornea, as well as enhanced permeability of small nutrient 

molecules and ions. Contact lenses are also classified as hard and soft based on their material. 

Soft contact lenses (pHEMA) are flexible and permeable that allow oxygen to pass through the 

cornea whereas hard contact lenses (PMMA) are made of rigid gas permeable materials. 

pHEMA is synthesized from methacrylic acid and ethylene oxide (Figure 1.2) and then 

thermally or photochemically polymerized to give pHEMA.18 pHEMA microparticles have 

also been used for controlled protein delivery and for the release of peptide drugs.19 

 

Figure 1. 1 pHEMA exhibits a surface rich in methyl groups (from the polymer chain 

backbone) in air, and a surface rich in hydroxyl groups under water 18 

Another polymer that has been utilized frequently as a biomaterial is PMEA, (Figure 

1.2) it is used as a coating on the circuits and tubes implemented in bypass surgery because it 

reduces protein and platelet adsorption. PMEA is one of the first polymers that was approved 

by the FDA for in vivo applications. 
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Figure 1. 2: Structures and synthesis of pHEMA and PMEA 

One of the main criteria for the successful design of a biomaterial is biocompatibility.13 

By definition biocompatibility  is  the  ability  of  a  material  to perform appropriate  host  

response  in  a specific application.2 Examples  of  “appropriate  host  responses”  include 

resistance to blood clotting, bacterial colonization, and normal, uncomplicated healing. 

Biocompatibility assessment is aimed to verify the capacity of a given material to correctly 

perform the intended function when in contact with the biological environment without 

producing any toxic, immunological or any adverse reaction. Nowadays, a wide variety of 

materials are commercially available, and many others are under investigation, to both 

maintain and restore bodily functions. Different parameters of polymeric biomaterials can 

affect the cellular behavior in a controlled manner. Studies have shown that both molecular 

weight and conformational flexibility of the polymer influence biocompatibility.20 For 

example, lower molecular weight poly(ethylene glycol) (PEG) coated surfaces show minimal 
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protein adsorption, whereas polymers with a more linear or branched and flexible structure, 

for example, poly(lysine), showed a higher cell damaging effect.12,14,15 It is also desirable that 

the physical characteristic of a implanted biomaterial matches with that of extracellular matrix 

(ECM). Although the underlying mechanisms for the biocompatibility of polymers at the 

molecular level are complex and have not been clearly illustrated, controlling the interfacial 

interactions of the polymeric biomaterials with biological elements is the key to understanding 

the biocompatibility of biopolymer and therefore can provide necessary information towards 

their successful implementation in biomedical applications.13  

Surface potential of biomaterial influences cell proliferation, differentiation, 

attachment, and adhesion therefore the right balance between the positive and negative charges 

is very important for biomaterial design and by manipulation of these fixed charges or ligand 

density within a biomaterial, cellular attachment can be altered.18 One way to control the 

surface potential and thereby the hydrophilicity/hydrophobicity is by modifying the chemical 

structure of sidechains. Studies have shown that blood compatibility increases by utilizing 

vinyl polymers having hydrophilic functional groups.21 A popular way to modify the side-

chain structure is by tuning the number of ethylene glycol (EG) units and the chain-end 

terminal group. The hydrophilicity of the polymer increases with the number of EG units with 

increase in the number of methylene units, as the polymers have longer sidechains, the 

polymers become soluble in water.22  
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Figure 1. 3: Poly (AM-AMPS) hydrogel (DAMPS3) photographs a) dry hydrogel and b) 

swollen hydrogel. 

Hydrogels have been used frequently as biomaterials. Hydrogels are water-swollen 

polymeric materials that maintain a distinct three-dimensional structure. They have received 

significant attention because of their high-water content and the related potential for many 

biomedical applications23,24 (Figure 1.3) Hydrogels are held together as water-swollen gels 

by: (1) primary covalent cross-links; (2) ionic forces; (3) hydrogen bonds; (4) affinity or “bio-

recognition” interactions; (5) hydrophobic interactions; (6) polymer crystallites; (7) physical 

entanglements of individual polymer chains; and/or (8) a combination of two or more of the 

above interactions.12,25 According to their method of preparation, hydrogels are characterized 

by 3 different categories. (1) homopolymer hydrogels; (2) copolymer hydrogels; (3) multi-

polymer hydrogels. (Figure1.4) Homopolymer hydrogels contains hydrophilic monomer 

units, whereas copolymer hydrogels are produced by cross-linking of chains composed of two 

comonomer units, at least one of which is hydrophilic and multi-polymer hydrogels are 

produced from three or more comonomers units respectively.26,27 The presence of chemical or 

physical crosslinking points within the network helps in maintaining the three-dimensional 

integrity of hydrogel in swollen state. Covalently cross-linked hydrogels are usually 



9 

 

synthesized from small multifunctional molecules such as monomers or oligomers. Such cross-

linking may be achieved by reaction of two chemical groups on two different molecules, which 

can be initiated by catalysts, by photo-polymerization or by radiation cross-linking.28 

 

 

 

 

 

 

 

Figure 1. 4: (a) Ideal macromolecular network of a hydrogel; (b) Network with 

multifunctional junctions; (c) Physical entanglements in a hydrogel; (d) Unreacted 

functionality in a hydrogel; (e) Chain loops in a hydrogel. This Figure has been reproduced 

from Pappes et al, Hydrogels in Medicine and Pharmacy.29 

Polyampholytes are polymeric systems comprised of both positively and negatively 

charged monomeric subunits and contain both anionic and cationic functional groups. The 

strengths of these functional groups are often divided into four categories, that include both 

weak anionic and cationic groups, weak anionic and strong cationic groups, strong anionic and 

weak cationic groups, and lastly, both strong anionic and cationic groups.30 Polyampholytes 

appear in their most compact conformation at their isoelectric point (IEP) or pH level when 

the overall charge is zero, since the electrostatic attractions between the oppositely charged 

functional groups are balanced. As pH deviates from the IEP, the overall charge of the 

polyampholyte will move further from neutral, causing electrostatic repulsive forces between 
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like-charged regions, to increase and expand the polyampholyte. Similarly, when salt ions are 

present, the ions disrupt the electrostatic interactions between oppositely charged regions of 

the subunits (Figure 1.5).31 This also causes the polyampholyte to swell. Formulation of 

polyampholyte by manipulating these unique electrostatic interactions and system responses 

has spurred investigation into using these materials as a tissue scaffold. Furthermore, 

polyampholyte hydrogels can deliver covalently attached biomolecules for targeted 

interactions with native tissue.32 

 

Figure 1. 5: Effect of pH on polyampholyte 

Out of the many materials that have been investigated as a tissue scaffold, PEG 

polymers are the most commonly used material for reducing nonspecific protein adsorption 

which happens as a result of nonspecific protein adsorption on bio-implants that leads to the 

recognition of the implant by macrophages as a foreign object.14 The ethylene glycol units of 

PEG bind to the water molecules, with the formation of a strong hydration layer, which creates 

steric hindrance to proteins, therefore preventing non-specific protein absorption. For example, 
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PEG has been conjugated to a phospholipid known as phosphatidylethanolamine, which inserts 

into a liposome’s lipid bilayer. This is called “PEGylating” the liposome which essentially 

forms water-retaining coating around the liposome and prevents recognition by the 

reticuloendothelial system (RES).33 Although PEG shows potential as a non-fouling material, 

there are several disadvantages of using PEG as a biomaterial. For example, PEG is susceptible 

to oxidation and has shown encapsulation in collagenous scar tissue via the foreign body 

response when used in vivo in a number of cases.34 Additionally, research has shown that some 

human produce antibodies to PEG.28,35 Therefore, alternate chemistries are desired for tissue 

engineering purposes. 

Significant efforts have been placed on the development of polymer-based materials to 

improve the clinical outcomes of regenerative therapies based on biomaterials.36 A major 

challenge in design of these biomaterial is the limited number of material-based approaches 

for delivering the combinatorial biochemical and mechanical factors that regulate the 

biological response and subsequent tissue regeneration.30 Furthermore, nonspecific biological 

interactions with implanted biomaterials induces foreign body response rather than a 

regenerative healing response.21,37 Foreign body response is defined as the phenomenon of 

recognition of implanted biomaterial as not only foreign but potentially harmful by body’s 

immune system. Zwitterionic polyampholyte polymer systems have seen increasing interest in 

the biomaterials community because of their strong demonstrated resistance to nonspecific 

protein adsorption and cell adhesion. For example, poly (2-methacryloyloxyethyl 

phosphorylcholine) (PPBMA): poly(phosphobetaine methacrylate), generally known as 

PMPC (Figure 1.6) is a biomimetic material containing phosphorylcholine group for resisting 

nonspecific protein adsorption and platelet adhesion. Recently, synthetic polymers containing 
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zwitterionic structures similar to PPBMA, such as poly{[2-(methacryloyloxy)ethyl]dimethyl-

(3-sulfopropyl)ammonium hydroxide} (poly (sulfobetaine methacrylate), and poly(1-carboxy-

N,N-dimethylN-(2’-methacryloyloxyethyl)methanaminium) (poly(carboxybetaine 

methacrylate), bearing sulfo- and carboxy- betaine group, respectively (Figure 1.6), are also 

reported as blood-compatible polymers, which show good plasma protein-fouling 

resistance.38–42  

 

Figure 1. 6: Examples of zwitterionic polyampholyte polymers 

Zwitterionic cross-linkers have existed in literature before. Shaoyi Jiang and coworkers 

created poly(carboxybetaine) (PCB) hydrogels cross-linked with a zwitterionic carboxybetaine 

disulfide cross-linker (Figure 1.7) (CBX-SS).34 Another recent study was published in 2020 

from Li’s group where they synthesized Z-hydrogel cross-linked via thiol−ene reaction 

between poly(SBMA-co-HDSMA)-T and divinyl-functionalized sulfobetaine (BMSAB) 

(Figure 1.8).43 However, the current limitation to the advanced development of these polymers 

is the lack of structural diversity and an understanding of the structure-property relationships 

that guide their adaptations.44,45 The goal for this project was to use a rational design strategy 

to synthesize a library of peptide-based zwitterionic cross-linker species for incorporation into 
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polyampholyte hydrogels, in order to develop structure-property relationships between the 

cross-linker species and the resulting polymer hydrogels.46 This will lead to a non-fouling 

polymeric platform with tunable biochemical and mechanical design features. Molecular-level 

control over the length, charge spacing, charge density, and pendant side-chain presentation 

could also lead to enhanced performance of polyampholyte hydrogels, and this hypothesis was 

tested through paired synthesis and characterization objectives.47 

  

Figure 1. 7: poly(carboxybetaine) (PCB) hydrogels cross-linked with a zwitterionic 

carboxybetaine disulfide cross-linker (CBX-SS) 
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Figure 1. 8: Zwitterionic hydrogel cross-linked via thiol−ene reaction between poly(SBMA-

co-HDSMA)-T and divinyl-functionalized sulfobetaine (BMSAB)  

The key to synthesizing these cross linkers have involved three major steps, the first 

one being peptide coupling which connects the two amino acids together, the second step is 

methacrylation which attaches the two polymerizable entities together and the last one is 

selective protection and deprotection of the C and N termini. Peptide-coupling strategies will 

allow for critical variations in cross-linker molecular structure. Therefore, the objectives are to 

synthesize cross-linkers with 1) controlled overall length and fixed charge spacing48 , 2) 

controlled spacing between the charged groups and with varied charge density48 , and 3) with 

biochemical-signaling pendant side chain presentation. The results will be a novel library of 

zwitterionic cross-linker species that will subsequently be fully evaluated for their impact on 
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the biochemical and mechanical properties of polyampholyte hydrogels to develop structure-

property relationships for each molecular variation.49 

The four critical properties for future biomedical applications that will be assessed 

include: 1) the non-fouling properties of the hydrogel50 ; 2) the ability to deliver biochemical 

signaling molecules from the hydrogel51 ; 3) the mechanical properties under compression and 

tension, and 4) the degradation behavior. The results will be a fundamental evaluation and 

correlation of the structure-property relationships of critical polyampholyte hydrogel 

performance metrics to structural variations in the library of zwitterionic cross-linkers. 
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Chapter 2: Synthesis and Evaluation of Ser-Ser bis(methacrylate) cross-linker 

Chapter 2 is a more detailed adaptation of a published manuscript  

Chakraborty, M.; Haag, S. L.; Bernards, M. T.; Waynant, K. V. Synthesis of a 

zwitterionic N-Ser Ser-C dimethacrylate cross-linker and evaluation in polyampholyte 

hydrogels. Biomaterials Science 2021, 9 (16), 5508-5518. 

Section 2.2.1-2.2.6 were contributed by Stephanie Haag from the Department of 

Chemical Engineering, University of Idaho.  

2.1 Introduction:  

Significant efforts have been placed on the development of polymer-based materials to 

improve the clinical outcomes of regenerative therapies based on biomaterials.52 Zwitterionic 

polymer (polyampholytes) have been found to be one the promising family of polymeric 

materials under development for regenerative therapies because of their strong demonstrated 

resistance to nonspecific protein adsorption and cell adhesion, commonly being referred to as 

non-fouling.48 A major challenge to the advancement of these polymers is the lack of diversity 

and understanding of the structure-property relationships that guide their tailoring.49 Based on 

these needs a rational design strategy of a dipeptide-based zwitterionic cross-linker, N-Ser-

Ser-C dimethacrylate (S-S) from N-Boc-L-serine is presented. The strategy utilized a 

convergent coupling of methacrylated N- and C-protected serine partners followed by chemo-

selective global deprotection to yield the zwitterionic cross-linker with good overall yields. 

This novel cross-linker was incorporated into a polyampholyte hydrogel, and its physical 

properties and biocompatibility were compared against a polyampholyte hydrogel synthesized 

with an EG-based cross-linker. The S-S cross-linked hydrogel demonstrated excellent non-
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fouling performance while promoting enhanced cellular adhesion to fibrinogen delivered from 

the hydrogel. Therefore, the results suggest that the S-S cross-linker will demonstrate superior 

future performance for in vivo applications. 

The most recent NSF Biomaterials Workshop Report recommended future investments 

to further improve the performance and longevity of polymers in this field.53 Another major 

limitation to the fruitful design of biomaterials for these fields is their nonspecific biological 

interactions which eventually leads to confounding biochemical signals that induce the foreign 

body response rather than a regenerative healing response.48,49 In order to address the unwanted 

foreign body response while maintaining the non-fouling properties of a biomaterial, a series 

of naturally biocompatible materials have been employed. Poly(ethylene glycol) (PEG) based 

hydrogels have been developed and used in a large number of biomedical 

applications28,32,34,54,55 and while PEG has been widely used in the biomedical field and is 

approved for use by the Federal Drug Administration (FDA) in several applications, there is 

increasing evidence that some humans produce antibodies to PEG, suggesting that it cannot be 

universally used56,57. Further, hydrogels formed entirely from PEG-based chemistries still 

produce a foreign body capsule upon implantation.58 This suggests a need for better candidates 

as biocompatible polymeric systems for use in tissue regeneration applications as opposed to 

PEG. 

Polyampholytes have been found to be excellent biomaterial systems providing the 

needed charges to repel non-specific adhesion and yet neutrally balanced to be compatible. 

Many of these polyampholyte structure utilize PEG based cross-linkers which provide the 

structural uniformity of the polyampholyte yet are not completely zwitterionic.36 Hydrogels 

formed with zwitterionic cross-linkers have demonstrated no measurable foreign body 
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response utilizing in vitro assessment techniques.30,59 The accelerated compatibility has been 

reasoned to be due to the ionic solvation interactions throughout the 3D structure. These ionic 

solvation interactions lead to the formation of a tightly bound hydration layer that is critical 

for maintaining the non-fouling performance in complex environments. As a result, even a 

slight disruption to the hydration layer result in impacts on the non-fouling performance when 

these systems are evaluated in highly complex media like the in vivo environment.36 This is 

demonstrated by a work from the Jiang lab, where they synthesized PCB poly(carboxybetaine) 

hydrogels cross-linked with a zwitterionic carboxybetaine disulfide cross-linker and it was 

evaluated across a range of monomer to cross-linker ratios.60 The resulting hydrogels resisted 

the foreign body response over three months of implantation in mice,50 (Figure 2.1) while also 

resisting encapsulation and facilitating enhanced levels of blood vessel formation at shorter 

evaluation time points. 

 

Figure 2. 1:50 Collagen and blood vessel formation in tissues near subcutaneously implanted 

PCBMA and PHEMA hydrogels. (a, b) Three months after subcutaneous implantation of 

hydrogels, tissues were stained with Masson’s trichome. Blue staining indicates collagen 

capsule surrounding PHEMA hydrogel with 5% cross-linking density (a) and PCBMA 
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hydrogel with 5% cross-linking density (b). Hydrogels are located on the left side of the 

images. The collagen capsule is indicated by the red arrow. Scale bars, 100 µm. 

Another study published from the Li lab demonstrates the synthesis of purely 

zwitterionic hydrogels (Z-hydrogel) that are developed using thiolated poly (SBMA-co-

HDSMA) as the network backbone and divinyl-functionalized sulfobetaine (BMSAB) as 

zwitterionic cross-linker via the “thiol-ene” click reaction. In in-vivo studies, this cross-linker 

not only exhibited excellent resistance to protein and fibroblast adhesion, but also showed good 

biocompatibility and hemocompatibility. Based on these studies, it can be concluded that the 

use of a zwitterionic cross-linker is a promising component for the successful prevention of 

the foreign body response. However, there are very few examples of zwitterionic cross-linker 

species that have ever been detailed in the literature and only the one example of in vivo 

experiment.36,61  

Amino acids and peptides, both natural and non-natural, create zwitterions in biological 

systems and are biocompatible and biodegradable.62 Based on the type of peptide (combination 

of two or more amino acids) and the homogenous distribution of charges, it can achieve overall 

charge neutrality at various pH’s common to biological systems (pH 6-8).63 Peptide chemistry 

is also well-established with decades of literature to support their construction. As a result, 

utilizing well-established literature on various peptide protections and coupling strategies 

functionalized peptides can be made with a promising approach for synthesizing zwitterionic 

cross-linkers.50,64 Once key material property is established with peptide-based cross-linkers, 

those properties should be maintained in the switch of L-amino acids for D-amino acids if a 

foreign body response is found. However due to the high prevalence of peptide-based 
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monomers in hydrogel synthesis, a foreign body response from these materials is not 

expected.65,66 

In this work, a strategy for synthesizing peptide-based N-Ser-Ser-C dimethacrylate (S-

S) zwitterionic cross-linkers has been demonstrated through two different convergent 

strategies 1) the “inside-out” strategy, and the 2) the “outside-in” strategy as described below. 

After synthesizing the monomers, the cross-linker was successfully integrated into a 

polyampholyte hydrogel platform to test its feasibility as a biomaterial. N-Ser-Ser-C 

dimethacrylate (S-S) was synthesized from N-Boc-L-Serine using a convergent coupling 

strategy as outlined in the retrosynthesis in Scheme 2.1.67 Our initial approach towards making 

serine based zwitterionic cross-linkers involves two different strategies. 

1) ‘Outside in’ where the selectively protected serine amino acids can be first methacrylated 

and then coupled together. 

2) ‘Inside out’ where methacrylation follows peptide coupling. 

 The “inside-out” method was more preferred than “outside-in” and the reason being 

the feasibility of peptide coupling is comparatively better, more adaptable, and 

commercializable in solid phase than in the liquid phase and during the first step of synthesis 

both liquid and solid phase synthetic strategies can be used. The first step of the inside-out 

strategy was the coupling of an amine and carboxylic acid with the formation of amide bond 

using a coupling agent such as HBTU/HATU in presence of Hünig's base and DMF as a 

solvent. Even though the first step was very straightforward, the following step of 

methacrylation was proven difficult. The reaction was screened with several equivalents 

(ranging from 1 equivalent to 5 equivalent) of methacrylic acid yet mono methacrylation was 
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found to be the only major product. The reason for this could be the higher reactivity of the 

starting material as opposed to the initial monomethacrylation product which could prevent the 

primary alcohol of the initially formed product to react with the activated ester to form the 

dimethacrylated product. Monomethacrylated product was isolated and treated with another 4 

equivalents of methacrylic acid and dimethacrylated product was isolated with very low yield 

(<20%) Whereas, during the “outside-in” approach N and C protected Serine species were 

separately methacrylated followed by peptide coupling in liquid phase chemistry using HBTU 

as a coupling agent. Moving forward, the “outside-in” strategy was then leveraged for a series 

of cross-linkers as discussed in Chapter 3.  

 

Scheme 2. 1: Retrosynthetic Approaches for synthesizing N-Ser-Ser-C Cross-linker 

The synthesis of N-Ser-Ser-C cross-linker involves the three synthetic strategies consisting of 

selective protection/deprotection, methacrylation, and peptide coupling. Each step is described 

below. 
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1.Peptide Coupling: 

Two serine precursors are coupled together using a carbodiimide based peptide 

coupling agent. Five different peptide coupling agents were screened (DCC (dicyclohexyl 

carbodiimide), EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide), DIC (N, N′-

Diisopropylcarbodiimide) and uronium based coupling agents (i.e., HBTU and HATU). 

Among the coupling strategies, HBTU had comparatively higher yields therefore HBTU was 

used as a peptide coupling agent for most of the coupling steps. The mechanism for HBTU 

coupling is as follows (Figure 2.2). HBTU activates carboxylic acids with the formation of a 

stabilized HOBt (Hydroxybenzotriazole) leaving group. In order to make the HOBt ester, the 

carboxylic anion of the acid attacks the imide carbonyl carbon of HBTU. Next the displaced 

anionic benzotriazole N-oxide attacks the acid carbonyl, forming the tetramethyl urea 

byproduct and the activated ester. The activated intermediate species get attacked by the amine 

during aminolysis with the formation of a dipeptide. 

 

Figure 2. 2: HBTU coupling mechanism 
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II. Methacrylation: 

The methacrylation step was realized by two different methacrylation strategies. One 

includes methacroloyl chloride in triethyl amine and the other one comprises of methacrylic 

acid in presence of Hünig's base and a coupling agent. (Scheme 2.2). The first one uses 

methacryloyl chloride in triethyl amine where there is a nucleophilic attack from the oxygen 

in the primary alcohol of serine (2-1) to the carbonyl carbon of methacryloyl chloride with the 

elimination of HCl which is then neutralized in situ via triethyl amine. The second strategy 

comprises of methacrylic acid in presence of Hünig's base and a coupling agent. In this method 

the coupling agent activates the methacrylic acid first with the formation of an “active ester” 

which could then act as a better leaving group when the primary alcohol of the serine attacks 

the carbonyl carbon of the activated ester. The mode of action of HBTU as a coupling agent 

has been described above. 

 

Scheme 2. 2: Two different Methcrylation strategies starting with N-Boc-L-Serine 

III. Selective protection and Deprotection of C and N termini: 

For the N and C protection strategy, the anticipation was to introduce an orthogonal 

protection and deprotection method which is a strategy that allows the specific deprotection of 
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one protective group in a multi-protected structure without affecting the others. In order to do 

so the C termini of serine was protected with the formation of an ester. Several synthetic 

strategies were introduced for ester formation. For example, benzyl ester was synthesized using 

benzyl bromide and TEA (triethyl amine), methyl ester from methanol and H2SO4 and PMB 

(para methoxy benzyl bromide) ester from PMB chloride and TEA respectively. The forward 

reaction was straightforward but during the reverse reaction which includes deprotection of C 

termini, it was found that along with deprotecting the C-termini, the methacrylate on the 

primary alcohol of serine had been impaired. After several trial and error with different 

protection and deprotection strategies the C termini of N-Boc-L-serine (2-3) was protected 

with addition of t-butyl-N,N’-diisopropylcarbamimidate in DCM which afforded the t-butyl 

protected serine (2-4) with 55% yield.68 Next, (2-4) was treated with methacryloyl chloride in 

the presence of triethylamine in DCM to give (2-5) in an excellent 93% yield.69 While TFA 

can globally deprotect both Boc and the t-butyl ester, the reaction rate is much faster for the 

Boc removal, and this was utilized to selectively cleave the Boc group from doubly protected 

(2-5), to give the first coupling component (2-6) as a TFA salt as shown in Figure 2.370. 

The carboxylate coupling partner, N-Boc-L-serine (2-3) was methacrylated under Steglich-

type esterification conditions, albeit in low yield, to give (2-8) which quickly supplies the N-

protected termini for peptide coupling.57 HBTU coupling of (2-8) and (2-6) produced the 

protected zwitterionic cross-linker (2-9) which underwent extensive TFA deprotection to 

provide the desired cross-linker as a TFA salt. Initially, TFA deprotection was run in CDCl3 in 

order to monitor the deprotections via 1H NMR, but it can also be run at scale in more 

conventional, non-deuterated solvents (i.e., DCM). While the Boc group was removed within 

minutes of TFA addition (as monitored by 1H NMR), the reaction took 24 hours in a 1:1 DCM: 
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TFA solution to fully remove the t-butyl protecting group. The isolated TFA salt was then 

lyophilized in the presence of 25 mM HCl to afford the S-S cross-linker (2-10) as an HCl salt, 

ready for hydrogel incorporation. HCl was selected as the counter ion source for uniformity 

with the counter ions found with the TMA (2-(Acryloyloxy)ethyl) trimethylammonium 

chloride) and CAA (2-carboxyethyl acrylate) monomers. 

Even though this strategy did not lead up to our initial expectation of orthogonal protection 

and deprotection, a chemo-selective protection and deprotection mechanism was introduced 

for synthesizing this cross-linker. Therefore, the synthesis of dipeptide based zwitterionic 

cross-linker, N-Ser-Ser-C dimethacrylate, 2-10, was conducted from N-Boc-L-serine (2-3), 

utilizing a convergent “Outside-in" coupling strategy of pre-methacrylated coupling partners 

(2-6 and 2-8) followed by careful global deprotection as seen in Scheme 2.3. 

 

Scheme 2. 3: Synthesis of the S-S zwitterionic cross-linker from N-Boc-L-serine 
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After successfully synthesizing the cross-linker the product was incorporated into a 

polyampholyte hydrogel (Figure 2.3) composed of an equimolar mixture of [2-(acryloyloxy) 

ethyl] trimethyl ammonium chloride (TMA) and 2-carboxyethyl acrylate (CAA). The TMA: 

CAA formulation has previously been reported to be resistant to nonspecific protein 

adsorption, while also being capable of facilitating cell attachment and growth through by 

covalently attaching itself to proteins present in the ECM (Extra Cellular Matrix) like 

fibrinogen. S-S cross-linked TMA: CAA hydrogels were evaluated to determine their physical, 

non-fouling and biocompatibility characteristics. The performance of the S-S cross-linked 

hydrogel was directly compared to a TMA: CAA hydrogel formed with a diethylene glycol 

dimethacrylate (DEG) cross-linker due to similarities in the overall cross-linker lengths (10 

versus 9 backbone atoms, respectively). Comparative study of these two cross linkers 

demonstrate similarity in the overall cross-linker length, the physical characteristics of the two 

hydrogels showed no significant differences, and the S-S cross-linked hydrogel exhibited 

identical non-fouling performance while demonstrating greater biocompatibility when 

compared to DEG based cross-linked hydrogels (Figure 2.3). These results suggest that an 

extensive family of peptide-based zwitterionic cross-linkers could easily address the 

limitations of ethylene glycol-based cross-linkers for in vivo applications. 

 

Figure 2. 3: Polyampholyte hydrogel formulations tested on the zwitterionic S-S cross-linker 

(left) and DEG cross-linker (right). 
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2.2. Experimental: 

2.2.1 Materials: 

Boc-L-Serine, tert-butyl N, N’-diisopropylcarbamimidate, trifluoroacetic acid (TFA), 

and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were 

purchased from AK Scientific (Union City, CA). N, N’-Diisopropylethylamine (DIPEA) and 

methacryloyl chloride were purchased from Acros Organics (Fair Lawn, NJ). Methacrylic acid 

was purchased from Alfa Aesar (Tewksbury, MA). Triethylamine was purchased from EMD 

Millipore (Burlington, MA). Ethyl acetate (EtOAc), hexanes, dichloromethane (DCM), N, N’-

dimethylformamide (DMF), and concentrated hydrochloric acid (HCl) were purchased from 

Thermo Fisher (Waltham, MA). Deuterated solvents, chloroform (CDCl3), and methanol-d4 

(CD3OD) were purchased from Cambridge Isotopes (Tewksbury, MA). Fibrinogen from 

human plasma (FBG), ethylene glycol, phosphate buffered saline (PBS), DEG, TMA, CAA, 

ammonium persulfate (APS), sodium metabisulfite (SMS), N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), bovine serum 

albumin-fluorescein isothiocyanate conjugate (FITC BSA), and sodium hydroxide (NaOH) 

were purchased from Sigma-Aldrich (St. Louis, MO). Alpha-minimum essential medium (α-

MEM) with nucleosides, fetal bovine serum (FBS), sodium chloride (NaCl), and a live/dead 

cytotoxicity kit for mammalian cells were purchased from Thermo Fisher Scientific (Hampton, 

NH). Penicillin-streptomycin, tris hydrochloride, trypan blue, trypsin (0.25%) 

ethylenediaminetetraacetic acid (EDTA) (1x), trypsin soybean inhibitor, and 

paraformaldehyde were purchased from VWR (Radnor, PA). Ethanol was purchased from 

Greenfield Global (Toronto, Canada). MC3T3-E1 subclone 14 cells (batch number 61723894) 
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were purchased from the American Type Culture Collection (ATCC; CRL-2594) (Manassas, 

VA). 

2.2.2 Characterization of molecules 2-4 to 2-10: 

All reaction products were fully characterized using 1H and 13C NMR experiments on 

either a Bruker AVANCE 300 or AVANCE 500 MHz instrument and results were obtained in 

CDCl3 (referenced to 7.26 ppm for 1H and 77.16 ppm for 13C) or methanol-d4 (referenced to 

3.31 ppm for 1H and 49.15 ppm for 13C). Coupling constants (J) are provided in Hz. The 

multiplicities of the signals are described using the following abbreviations: s = singlet, br s = 

broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dq = doublet of 

quartets, dsep = doublet of septets; tt = triplet of triplets, m = multiplet, app = apparent. All 1H 

and 13C NMR spectra can be found in Appendix A. Reaction progress was monitored by thin-

layer chromatography on silica gel plates (60-F254), observed under UV light. Column 

chromatography was performed using silica gel (particle size 40–63 μm). High resolution mass 

spectrometry (HRMS) was performed on a Waters Q-Tof Premier Quadrupole-Time of Flight 

Mass Spectrometer. 

 

tert-butyl (tert-butoxycarbonyl)-L-serine (2-4): A solution of commercially available Boc-L-

serine (2-3) (1.00 g, 6.2 mmol) in DCM (100 mL) was added to tert-butyl N, N'- 

diisopropylcarbamimidate (2.48 g, 12.4 mmol). The mixture was stirred in an ice bath for 30 

min, and then allowed to warm to room temperature (RT) overnight with continual stirring. 

Hexanes (10 mL) were added, and the reaction was stirred for 15 min. The suspension was 
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filtered through a pad of celite to remove the diisopropylurea byproduct, and the filtrate was 

concentrated in vacuo. The resulting residue was purified by column chromatography (4:1 

hexanes : EtOAc, Rf = 0.55) and concentrated in vacuo to yield 700 mg (55%) of a white solid.
 

1H NMR (500 MHz, Methanol-d4) δ 4.08 (t, J = 4.6 Hz, 1H), 3.81 (dd, J = 11.2, 5.0 Hz, 1H), 

3.76 (dd, J = 11.1, 4.1 Hz, 2H), 1.48 (s, 9H), 1.45 (s, 9H). 13C NMR (126 MHz, Methanol-d4) 

δ 171.6, 157.9, 82.90, 80.6, 63.2, 58.0, 28.7, 28.3. 

 

(S)-3-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-3-oxopropyl methacrylate (2-5): 

Triethylamine (209.12 mg, 2.06 mmol) was added to a solution of tert-Butyl (tert-

butoxycarbonyl)-L-serine (180 mg, 0.68 mmol) in DCM (5 mL), followed by dropwise 

addition of methacryloyl chloride (215.97 mg, 2.06 mmol) at 0 °C. The reaction mixture was 

slowly warmed to RT and stirred until TLC analysis (80% EtOAc/hexanes) indicated complete 

consumption of the starting material. Saturated aqueous NaHCO₃ was added to the crude 

mixture and the aqueous phase was extracted with EtOAc (3 x 10 mL), then the combined 

organic phases were washed with brine (10 mL), dried over MgSO₄, filtered, and concentrated 

in vacuo. The resulting residue was purified by column chromatography (7:3 hexanes: EtOAc, 

Rf = 0.5) to yield 172 mg (93% yield) of a yellow oil. 1H NMR (300 MHz, Methanol-d4) δ 6.11 

(d, J = 1.8 Hz, 1H), 5.64 (d, J = 1.8 Hz, 1H), 4.43 – 4.37 (m, 3H), 1.92 (d, J = 1.4 Hz, 3H), 

1.50 – 1.41 (m, 18H). 13C NMR (126 MHz, Methanol-d4) δ 170.9, 141.0, 126.7, 120.9, 83.2, 

62.8, 57.1, 28.3, 28.2, 18.6. 
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(S)-2-amino-3-(tert-butoxy)-3-oxopropyl methacrylate • TFA (2-6): tert-Butyl (tert-

butoxycarbonyl)-L-serine methacrylate (2-6) (57.33 mg, 0.214 mmol) was dissolved in 1 mL 

DCM and 150 μl TFA was added at RT and stirred for 3 hours. The solvent was removed in 

vacuo to give a yellow oil and the material was used for the next step without any further 

purification. Yield: 44.13 mg of yellow oil (60%). HRMS-ESI (m / z): [M+H]+ calcd for 

C11H19NO4 230.1392; found 230.1393. 

 

(tert-butoxycarbonyl)-L-serine methacrylate (2-8): A solution of methacrylic acid (258.27 mg, 

3.0 mmol) in DMF (10 mL) was cooled to 0 °C to which HBTU (912.55 mg, 2.4 mmol) was 

added. The reaction mixture was warmed up to RT and stirred for an additional 1 hr. Boc-L-

serine (2-3) (500 mg, 2.4 mmol) was then added to the reaction mixture followed by DIPEA 

(801.35 mg, 6.2 mmol) and stirred until the TLC indicated complete disappearance of the 

starting material. The reaction mixture was added to water and extracted with ethyl acetate (10 

mL x 5), dried over MgSO4 and purified using column chromatography (7:3 hexanes: EtOAc, 

Rf = 0.5) to give 140 mg (21% yield) of a yellow oil. 1H NMR (300 MHz, Methanol-d4) δ 6.12 

(d, J = 1.6, 3.3 Hz, 1H), 5.63 (d, J = 1.6, 3.3 Hz, 1H), 4.48 (d, J = 8.5 Hz, 2H), 4.42 – 4.33 (m, 

1H), 1.96 – 1.89 (m, 3H), 1.45 (d, J = 2.8 Hz, 9H). 13C NMR (75 MHz, Methanol-d4) δ 172.7, 

168.3, 157.6, 137.3, 126.7, 80.8, 65.2, 54.1, 28.6, 18.3. 
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(S)-3-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-3-oxopropyl methacrylate (2-9): 2-3 

(71.45 mg, 0.261 mmol) was dissolved in DMF to which HBTU (99.50 mg, 0.261 mmol) was 

added in one portion. The reaction mixture was stirred for an hour before adding 2-8 (50 mg, 

0.218 mmol) and DIPEA (87.36 mg, 0.676 mmol). The mixture was stirred for an additional 

three hours and then added to 10 mL of water and extracted with ethyl acetate (5 x 10 mL). 

The crude was then subjected to column chromatography (4:1 hexanes: EtOAc, Rf = 0.40) to 

yield 40 mg of a light-yellow oil (48% yield, telescopic over 2 steps). 1H NMR (500 MHz, 

Methanol-d4) δ 6.12 (dt, J = 2.0, 0.9 Hz, 2H), 5.65 (dt, J =2.0, 0.9 Hz, 2H), 5.62 – 5.61 (m, 

1H), 4.68 (dd, J = 5.1, 3.9 Hz, 1H), 4.51 (d, J = 5.8 Hz, 1H), 4.46 (dd, J = 11.4, 5.2 Hz, 1H), 

4.44 – 4.37 (m, 2H), 4.31 (dd, J = 11.2, 6.9 Hz, 1H), 1.92 (dd, J = 1.6, 1.0 Hz, 3H), 1.92 (dd, 

J = 1.6, 1.0 Hz, 3H), 1.46 (s, 9H), 1.45 (s, 9H). 13C NMR (126 MHz, Methanol-d4) δ 171.7, 

169.3, 168.3, 168.1, 137.2, 126.9, 83.8, 81.0, 65.3, 65.0, 54.9, 53.9, 28.6, 28.2, 18.3. 

 

O-methacryloyl-N-(O-methacryloyl-L-seryl)-L-serine HCl (2-10): 2-9 (40 mg, 0.08 mmol) was 

dissolved in 4 mL of a 1:1 DCM: TFA solution and stirred at RT until all the starting material 

was consumed (24 h). The solvent was removed in vacuo and the TFA-salt was isolated as a 
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sticky oil. Yield: 19 mg (70%). 1H NMR (500 MHz, Methanol-d4) δ 6.18 (d, J =2.0, 1.2 Hz, 

2H), 6.12 (d, J =2.0, 1.2 Hz, 2H), 5.64 (s, 1H), 4.81 (t, J = 4.4 Hz, 1H), 4.57 (d, J = 4.6 Hz, 

2H), 4.50 (d, J = 4.5 Hz, 2H), 4.37 (t, J = 4.5 Hz, 1H), 1.92 (d, J = 6.5 Hz, 6H). 13C NMR (126 

MHz, Methanol-d4) δ 171.5, 168.3, 167.9, 167.4, 162.2 (q, JC-F = 30 Hz, C=O), 137.1, 136.7, 

127.7, 127.0, 116.6 (q, JC-F = 286 Hz, -CF3), 64.8, 63.8, 53.5, 18.2. 

The TFA salt (60 mg, 0.135 mmol) was suspended in 25 mL of 25 mM HCl and 

lyophilized for 16 hours two times to reveal 31 mg of the HCl salt (2-10) as a white solid (63% 

yield).
 
13C NMR (126 MHz, MeOD) δ 171.4, 168.4, 167.9, 167.4, 137.3, 136.8, 127.9, 127.1, 

64.9, 63.9, 53.6, 18.4. HRMS-ESI (m / z): [M + H]+ calcd for C14H20N2O7 329.13; found 

329.135. 

1H and 13C NMRs for these compounds can be found in Appendix A. 

2.2.3 Hydrogel Synthesis: 

Two different hydrogels were synthesized utilizing similar protocols and are referenced 

by DEG and S-S; (Figure 2.3) accordingly to which cross-linker species was used in the 

hydrogel. The DEG hydrogels were synthesized by mixing 4 mmol of TMA and 4 mmol of 

CAA monomers on a stir plate. Then 2 mL of a buffer solution composed of ethanol, ethylene 

glycol, and 6.7 M NaOH in a 1:1.5:1.5 ratio, respectively, was added to the monomer mixture. 

Next, 0.152 mmol of DEG cross-linker was added, resulting in a monomer to cross-linker ratio 

of 52.6 to 1. The solution was mixed well and then degassed with a vacuum pump for 30 

seconds. Following degas, 32 µL of 40% (w/w) APS and 32 µL of 15% (w/w) SMS were added 

to initiate the polymerization reaction. The solution was gently mixed and then pipetted into a 

mold consisting of a 1/8’’ polytetrafluorethylene spacer clamped between two microscope 
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slides. The reaction proceeded for one hour at 60 °C. Following polymerization, the gel was 

removed from the mold and used in subsequent tests. 

For the S-S hydrogels, a stock solution was created by mixing 8 mmol of TMA, 8 mmol 

of CAA, 4 mL of buffer solution (ethanol: ethylene glycol:6.7M NaOH in a 1:1.5:1.5 ratio) 

and 0.304 mmol of the S-S cross-linker. Again, the final monomer to cross-linker ratio was 

52.6 to 1. The stock solution was continuously stirred on a stir plate until aliquots were 

removed for polymerization. For each hydrogel, 1/6 of the stock solution was mixed with 10.7 

µL of 40% (w/w) APS and 10.7 µL of 15% (w/w) SMS to polymerize. The solution was mixed 

gently, then pipetted into the same hydrogel mold as described above and the polymerization 

reaction proceeded for one hour at 60°C. Following polymerization, the gel was removed from 

the mold and used in subsequent tests. 

2.2.4 Hydrogel Characterizations 

2.2.4.1 Swelling: Immediately following polymerization, length and width measurements of 

the hydrogels were collected using a caliper. All gels were then placed in petri dishes with pH 

7.4 PBS for 24 hours. The hydrogels were remeasured after 24 hours of soaking. One set of 

samples continued to soak in pH 7.4 PBS for an additional 48 hours with additional 

measurements collected every 24 hours. Following data collection, the gels were used for the 

surface hardness and percent water weight experiments described below. Each experiment was 

completed in duplicate at a minimum and the experiment was repeated thrice (n=11). 

2.2.4.2 Surface Hardness: After the hydrogels had soaked for 24 hours in pH 7.4, the gels were 

removed, and 00 shore hardness measurements were taken for each gel with a durometer. A 

minimum of two replicate samples were evaluated in each experiment and the experiment was 

repeated thrice (n=7). 
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2.2.4.3 Percent Weight: Following 24 hours soaking in pH 7.4 PBS, hydrogels were then 

soaked in DI water for an additional 48 hours. Afterwards, the gels were removed, patted dry, 

and weighed. The samples were then placed into a desiccator and monitored until they were 

no longer visibly shrinking. At this point, samples were weighed daily until their weight 

remained consistent. The wet and dry weights were then used to calculate the weight percent 

of water in the hydrogels. A minimum of two replicate samples were evaluated in each 

experiment and the experiment was repeated four times (n=9). 

2.2.4.4 BSA Non fouling and Conjugation: After the hydrogels soaked in pH 7.4 PBS for 24 

hours as described above, they were punched into 8 mm disks with a biopsy punch and each 

punch was placed into a single well of a 24-well plate. For the protein non-fouling assessment, 

the hydrogel samples were exposed to a 30 µL droplet of 1 mg/mL FITC BSA for 15 minutes. 

Then the samples were rinsed 5 times with pH 7.4 PBS followed by imaging with a Nikon 

Eclipse Ti-U light and fluorescent microscope with a 10x objective and NIS Elements BR 3.1 

software.  

 Additional 8 mm samples were used for protein conjugation evaluation in a 24-well 

plate.  Hydrogels were first exposed to 1 mL of pH 4.5 PBS for 15 minutes.  After 15 minutes, 

the pH 4.5 PBS was removed, and 1 mL of 0.05 M EDC and 0.2 M NHS was added to each 

well for 7 minutes. Following the removal of the EDC/NHS solution, a 30 µL droplet of 1 

mg/mL FITC BSA was placed on the top of each hydrogel for 15 minutes. Afterwards, each 

well received 1 mL of pH 8.9 PBS for 30 minutes followed by 1 mL of pH 7.4 PBS for 40 

minutes. The resulting hydrogels were then imaged as described above. Three samples were 

run in each experiment and tests were run in triplicate for both the non-fouling and conjugation 

studies (n=9). 
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2.2.5 MC3T3-E1 Cell Studies: 

2.2.5.1 Adhesion : MC3T3-E1 Cells were cultured as previously reported71,72. S-S and DEG 

hydrogels were synthesized and soaked in pH 7.4 PBS for 24 hours, as described above. Then 

8 mm disks were punched with a biopsy punch and each sample was placed into a single well 

of a 24 well plate. One set of hydrogels underwent conjugation with FBG, using the procedures 

described above with 1 mL of 1 mg/mL FBG in place of the 30 µL droplet of 1 mg/mL FITC 

BSA. 

 As the conjugation procedure was occurring, three wells of TCPS were exposed to 1 

mg/mL FBG for 30 minutes as a positive control surface. In addition, cells were prepared for 

seeding as done previously72,73. Briefly, confluent cells were rinsed twice with 10 mL tris 

buffer and then detached from the surface with 2 mL trypsin EDTA. The trypsin EDTA was 

then gently removed, and the cells were suspended in 5 mL of 5 mg/mL soybean trypsin 

inhibitor in PBS. The cell suspension was then centrifuged for 5 minutes at 1000 rpm. Next, 

the cells were washed twice with 8 mL of 1 mg/mL BSA in non-supplemented α-MEM, and 

then resuspended in 5 mL of non-supplemented α-MEM. Cells were counted with a 

hemocytometer and then diluted into two suspensions of 1x105 cells/mL: one with non-

supplemented α-MEM, and the other in media supplemented with 10% FBS.  

 Following conjugation and FBG adsorption, all the hydrogels and FBG adsorbed TCPS 

surfaces were rinsed trice with tris buffer. One mL of non-supplemented media with 1x105 

cells/mL was seeded into wells with FBG containing samples (conjugated and adsorbed). One 

mL of supplemented media (10% FBS) with 1x105 cells/mL was seeded into wells with blank 

hydrogels (no prior protein) and onto blank TCPS surfaces (control). The well plate was placed 
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in an incubator for 2 hours, after which the cell solution was removed, and the cells were 

stained and imaged as described below. 

2.2.5.2 Fluorescent Staining/Imaging: After 2 hours of incubation, the α-MEM was removed 

from all the wells. The cells were then stained with a fluorescent live-dead stain by adding 100 

µL of 0.5 µM ethidium homodimer-1 and 1.5 µM calcein AM in PBS to each well. The well 

plate was returned to the incubator for 20 minutes, after which the samples were removed. 

Paraformaldehyde (4%; 0.5 mL) was added to each of the TCPS control conditions to fix the 

cells in those wells. The hydrogel samples were immediately imaged on a Nikon Spinning Disk 

Confocal Microscope with a 20x objective. After the hydrogels were imaged, the TCPS 

conditions were imaged on a Nikon Eclipse Ti-U light and fluorescent microscope with a 10x 

objective and NIS Elements BR 3.1 software. A minimum of 3 images were taken for each 

well, 3 samples were evaluated in each experiment, and the experiments were repeated in 

triplicate (n = 27).  

2.2.6 Data Analysis: 

 Each experiment had a minimum of 2 independent samples in each experimental group 

and experiments were performed at least in triplicate. All measurements were compiled, and 

the mean and standard deviations are given throughout the results. Statistical analysis was 

completed with OriginPro 2017 using a one-way analysis of variance (ANOVA) and a Tukey 

post-hoc test. Statistical significance was determined at a probability value less than 0.05 

(p<0.05). 

2.3. Results and Discussion: 
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 TMA: CAA hydrogels were synthesized with either DEG or S-S as the cross-linker 

species. While much of the literature on TMA: CAA hydrogels is based on triethylene glycol 

dimethacrylate59,73–75, DEG has been used as it more closely mimics the overall length of the 

S-S cross-linker, so it was used as the ethylene glycol control cross-linker 21. First, the physical 

properties of hydrogels formed with each cross-linker species were compared. Following 

hydrogel formation, samples were measured and then were allowed to soak for 24 hours in 

PBS to determine their extent of swelling. The DEG cross-linked hydrogels swelled ~70% 

larger than their initial size while the S-S cross-linked samples swelled ~73%, as summarized 

in Table 1. Previous investigations have demonstrated that ethylene glycol hydrogels reach 

swelling equilibrium after 24 hours and this was verified in this study for hydrogels cross-

linked with both species. The results demonstrated no significant additional swelling occurred 

in either cross-linked system following the initial 24 hours (data not shown). 

Experiment DEG S-S 

Swelling (%) 70.86 ± 3.70 73.46 ± 4.11 

Percent Hydration (%) 96.71 ± 0.19 97.09 ± 0.51 

Shore 00 Hardness  22.43 ± 2.88 18.85 ± 4.91 

Table 1: Physical characteristics of TMA: CAA hydrogels formed with DEG or S-S cross-

linkers. 

 Water content is an important criterion for evaluating the biocompatibility of 

hydrogels, therefore, the percent hydration was determined for both sets of hydrogels. To 

evaluate the water content, full hydration (48 hours in DI water) and dehydration in a 

desiccator, hydrogels formed with both the DEG and the S-S cross-linkers exhibited percent 

hydration values of ~97% (Table 1). Mechanical property is also another important criterion 
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for implanted biomaterials therefore, the surface hardness for both hydrogel systems were 

measured using a Shore 00 hardness durometer after the samples had reached their equilibrium 

swollen state (24 hours of soaking in pH 7.4 PBS). As before, both hydrogels demonstrated 

similar properties, with the DEG and S-S cross-linked hydrogels measuring ~22 and ~19 Shore 

00, respectively (Table 1). All three physical property assessment study for both DEG and S-

S cross-linked hydrogels demonstrated no quantifiable differences in the results, indicating that 

the differences in the subsequent protein adsorption and cellular adhesion work are directly 

corelated to differences in the underlying chemistry. 

 The incentive of this work was to exhibit whether S-S zwitterionic cross-linker species 

can enhance the non-fouling performance of polyampholyte hydrogels compared to DEG 

based cross-linker. FITC BSA was chosen as an initial assessment guide as it has been 

previously used to show non-fouling properties of polyampholyte systems 22. Following 

exposure to FITC BSA, hydrogel samples formed with both cross-linkers were evaluated using 

fluorescent microscopy and representative images are shown in Figure 2.4. The left-hand side 

of each image has been used as a corresponding control hydrogel to account for any 

background fluorescence that has not been exposed to FITC BSA, and this side of the image 

was used for background subtraction. The right-hand side is a hydrogel exposed to FITC BSA 

(the hydrogel intersection is marked with a white line for clarity) and any nonspecifically 

adsorbed protein is visualized with a green FITC emission. It has been shown in Figure 2.4 

that there is no measurable difference in the non-fouling performance of hydrogels formed 

with these two cross-linker species. 
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Figure 2. 4: Representative images of DEG and S-S hydrogels when FITC BSA is adsorbed 

or conjugated to the surface. A blank control hydrogel is present on the left-hand side in 

every image, and it was used for background subtraction. The scale bar represents 200 µm 

and is representative for all images. 

 In addition to non-fouling effect, the ability of a hydrogel to deliver biomolecules 

without impacting the underlying non-fouling properties is also important for directed cellular 

interactions23. However, subtle differences in hydrogel synthesis have been shown to influence 

the conjugation levels 22. In order to verify the property of S-S cross-linker, FITC BSA was 

conjugated to the surface of hydrogels cross-linked with both DEG and S-S cross-linker using 

EDC/NHS conjugation chemistry, as reported previously.76 Representative fluorescent 

microscopy images following conjugation are shown in Figure 2.4 Similar to the earlier study, 

a blank hydrogel was again used as a control for background subtraction as shown on the left-
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hand side of each image. The results in Figure 2.4 demonstrate that both DEG and S-S 

hydrogels show a noticeable increase in fluorescence, indicating the successful conjugation of 

FITC BSA. However, S-S cross-linked hydrogels showed significantly less fluorescence than 

DEG cross-linked hydrogels indicating lower levels of conjugated protein. Although the 

protein conjugation conditions were not optimized, therefore it could be possible that 

alternative study might lead to greater levels of protein conjugation in the S-S cross-linked 

system. 

While the previously studied hydrogels demonstrated resistance to nonspecific protein 

adsorption from single proteins in buffer failed to show similar activity in more complex 

environments 5,10. The qualitative assessment of the non-fouling performance (Figure 2.4) 

indicated very similar behavior of the hydrogels cross-linked with either the DEG or S-S 

species. Hydrogels cross-linked by both cross-linkers were evaluated for their ability to prevent 

MC3T3-E1 cell adhesion even when in the presence of 10% FBS. The reason for the 

incorporation of 10% FBS complex protein solution is to mimic the conditions used for 

standard cell culture, which facilitates cell attachment and growth to TCPS. Following 

hydrogel exposure to cells in supplemented α-MEM for 2 hours, the cells were stained with a 

live-dead viability kit. The alive cells stained green with calcein AM indicating intracellular 

esterase activity consequently the dead cells stained red with ethidium homodimer driven by 

compromised cellular membranes. The representative confocal microscopy images shown in 

Figure 2.5 indicate the presence of significantly fewer number of cells on both the DEG and 

S-S cross-linked systems. These results further support the non-fouling behavior of both 

hydrogel formulations within more complex systems. 
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Quantitative evaluation of multiple images from replicate samples confirms the 

representative confocal microscopy images as summarized in Figure 2.6. MC3T3-E1 cell 

adhesion to the positive TCPS control surface was extremely high (~250 cells/mm2). Alongside 

the cells also demonstrated excellent viability. In contrast, cell adhesion levels were ~8 

cells/mm2 and ~2 cells/mm2 for DEG and S-S cross-linked hydrogels respectively which is 

almost negligible. While the viability of these cells was strong, the non-fouling properties of 

both hydrogels in this complex environment is less which was indicated by these extremely 

low adhesion numbers. 

The qualitative assessment of protein conjugation above indicated shows that the level 

of conjugated protein is more on the DEG cross-linked hydrogels (Figure 2.5) compared to 

the S-S cross-linked hydrogels. FBG, a well-known cell adhesion promoting protein was 

conjugated with both hydrogels in order to evaluate the bioactivity of the biomolecule being 

delivered from each platform, followed by exposure to MC3T3-E1 cells in non-supplemented 

media. No FBS was found in this evaluation to specifically isolate the cell adhesion bioactivity 

of the conjugated FBG. Representative confocal microscopy images of cell attachment to both 

hydrogel systems are shown in Figure 2.5. Cells are present on both hydrogels with similar 

rounded morphologies which shows the S-S hydrogel has higher initial cell adhesion levels. 
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Figure 2. 5: Representative confocal microscopy images of MC3T3-E1 cell adhesion to 

polyampholyte hydrogels in the presence of supplemented media (left) and MC3T3-E1 cell 

adhesion to hydrogels with conjugated FBG (non-supplemented media, right). Cells are 

stained with a live-dead viability stain with live cells dyed green and dead cells dyed red. The 

scale bar represents 100 µm and is representative for all images. 
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Figure 2. 6: Mean ± standard deviation of MC3T3-E1 cell adhesion to polyampholyte 

hydrogels with (a) supplemented media or (b) conjugated FBG (non-supplemented media). A 

* indicates a statistically significant difference from all other groups at a 95% confidence 

level (p<0.05).  

Finally, the cell adhesion levels to polyampholyte hydrogels with conjugated FBG was 

quantified over multiple samples and images and the results are summarized in Figure 2.6. A 

positive control surface of FBG adsorbed to TCPS was included as a baseline for cell adhesion. 

Both DEG and S-S cross-linked polyampholyte hydrogels exhibit higher cell adhesion levels 

than that seen on the TCPS-FBG control surface. Further, the level of cell adhesion to the S-S 

cross-linked hydrogels (~103 cells/mm2) is statistically greater than that seen for the other two 

groups. Additionally, the viability of cells attached to the S-S cross-linked hydrogels is ~90%, 

compared to the DEG cross-linked system which is significantly lower around ~44%. The 

combination of viability results and cell attachment levels, it can be easily seen that S-S cross-

linked polyampholyte hydrogel demonstrates significantly better biocompatibility. Further, 

despite having lower protein conjugation levels (Figure 2.4), the S-S cross-linked 

polyampholyte hydrogel also promotes the most bioactive presentation of FBG. This may be 
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due to a more favorable conformation being imparted to FBG when bound to the S-S cross-

linked hydrogel. 

2.4. Conclusions: 

The lack of availability of zwitterionic cross-linker species for in-vivo applications has 

been directly addressed in this work with the synthesis of a novel serine-serine dimethacrylate 

cross-linker species. Following synthesis and verification, the S-S cross-linker was 

incorporated into polyampholyte hydrogels and its impact on the overall hydrogel performance 

was compared with DEG based cross-linker. Both hydrogel systems demonstrated identical 

physical properties and non-fouling performance. Although the DEG cross-linked hydrogels 

demonstrated higher level of protein conjugation relative to S-S cross-linked hydrogels, the S-

S cross-linked hydrogels demonstrated not only greater levels of cell adhesion to conjugated 

FBG, but also greater overall cell viability. Overall, these results suggest that there is 

tremendous potential of the S-S cross-linker as a polyampholyte hydrogels for tissue 

engineering applications. 
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Chapter 3: Outside-in strategy for the synthesis of peptide-based methacrylate and 

methacrylamide zwitterionic cross-linkers 

Chakraborty, M.; Waynant, K. V.; Outside-in strategy for peptide-based methacrylate and 

methacrylamide Zwitterionic cross-linkers. Synlett 2022, 33. 669-673. 

Chapter 3 is a more detailed adaptation of a published manuscript 

3.1 Introduction: 

Serine based zwitterionic polyampholyte hydrogels have shown promise as functional 

biomaterial platforms with resistance to nonspecific protein adsorption (non-biofouling) which 

has been illustrated in the previous chapter.77 However, very few zwitterionic cross-linkers 

exists that has controlled spacing between the charged group to provide an extended charge 

density throughout the 3D network.78 The use of functionalizable amino acids allows the 

synthesis of a series of peptide-based zwitterionic methacrylate and methacrylamide cross-

linkers. In this work the preparation of such dipeptide combinations as Ser-Lys, Lys-Ser, and 

Lys-Lys in zwitterionic bis(methacrylate/methacrylamide) cross-linkers has been described. 

Additionally, syntheses of the tripeptide Lys-Gly-Lys dimethacrylamide and Ser-Gly-Ser 

dimethacrylate has been described in order to highlight the utility of this method and its 

potential to increase the distance between zwitterionic components. The objective of this work 

is to yield a novel library of zwitterionic cross-linker species that will subsequently be 

evaluated for their impact on the biochemical and mechanical properties of polyampholyte 

hydrogels. Polyampholyte hydrogels have increasingly become a popular choice for 

regenerative therapies due to their non-fouling and low protein-adhesive properties.79 Whereas 

most polymer matrices are defined by the monomer type and concentration, the 3D networks 

of hydrogels also rely upon the type and density of cross-linkers to provide the desired 
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chemical and physical properties.78 The physical and chemical properties of the 3D networks 

of hydrogels shown to be highly dependent on the type and density of cross-linkers alongside 

monomer type and concentration. To date, only one group has demonstrated polymeric 

hydrogels that resist the foreign body response in vivo.80,81 These polymers utilized zwitterionic 

monomers and the resulting hydrogels were formed with a carboxybetaine-based cross-linker 

resulting in fully zwitterionic systems.82 However, the limited availability of zwitterionic 

cross-linker species restricts the ability to tune mechanical properties and adjustable 

degradation.83,84 Moreover, minor structural changes of the zwitterionic species may have 

major huge impacts on its chemical structure and the resulting polymer performance.85 The 

recently reported synthesis of the first peptide-based N-Ser-Ser-C zwitterionic cross-linker 

shows very promising data when it was incorporated into a polyampholyte hydrogel with 

improved non-fouling and protein-specific cell-adhesion properties compared with a DEG-

based cross-linker of similar size (diethylene glycol dimethacrylate).66 In this chapter those 

positive results were expanded on the first new knowledge generated from the previous project 

(Figure 3.1). This library of cross-linkers based on serine and lysine are investigated for their 

applicability in the polymeric biomaterial’s community beyond the polyampholyte chemistries 

utilizing molecular-level control over the cross-linker type, length and charge spacing which 

will essentially lead to fully tunable polymer hydrogels for improving pre-existing 

biomaterials. 
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Figure 3. 1: Methacrylate and acrylate zwitterionic cross-linker incorporated into 

polyampholyte hydrogels 

A novel class in zwitterionic cross-linker has emerged through peptide-based 

zwitterionic cross-linker development as shown in the previous chapter. In this series of cross-

linkers the polymer type was varied (methacrylate/methacrylamide), which will be critical in 

regulating degradation rates through hydrolysis since methacrylamide has significantly lower 

rate of degradation compared to methacrylate. This series of cross-linkers offers tunable 

properties, such as the length of the cross-linker, and will permit variation of the distance 

between zwitterionic components through the incorporation of additional peptide units.86 

Peptide synthesis, with the aid of coupling agents is a well-established route for the formation 

of amide bond between a carboxylic acid and amine for both natural and non-natural amino 

acids. Moreover, a wide range of protecting-group manipulations are available for both the N- 

and C-termini of amino acids, which allows rapid access to both orthogonal and global 

protection/deprotection strategies. The increase in the abundance of polyampholytes has led to 

multiple reports on the addition of methacryloyl groups to functionalize amino acids (i.e., 

serine or lysine).87,88 For the dipeptide N-Ser-Ser-C reported in the previous chapter, the 

cationic and anionic zwitterionic components are four bonds away from each other, with a rigid 
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peptide bond in between. The cationic ammonium component in these cross-linkers differs 

from other carboxy or sulfobetaine based cross-linkers because it is not quaternary and is 

therefore regulated by pH. Moreover, investigations of ethylene glycol (EG)-based cross-linker 

lengths have shown that minor changes in the overall type, length, and fixed charge spacing 

can have major effects on the physical properties of the resultant hydrogels.37 It has been 

suggested that further alterations to polyampholyte chemistries based on monomer length, 

shape, functional groups, and skeletal attachment could diversify physical properties in bulk 

polyampholytes and have the potential to improve non-fouling behavior and to increase 

specific protein adhesion.86,89 In the case of peptide-based zwitterionic cross-linkers, changes 

might include the relative polymer type (methacrylate or methacrylamide), the position of the 

carboxylate and ammonium functionalities, and the length of the cross-linker. 

In this chapter, the outside-in strategy mentioned in the previous chapter has been 

extended to create a series of L-lysine and L-serine amino acid-based dimethacrylamide and 

mixed methacrylate/methacrylamide zwitterionic dipeptide cross-linkers 3-11 to 3-15 (Figure 

3.2). 
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Figure 3. 2: A series of serine and lysine based zwitterionic cross-linker 

Research shows that in polymer hydrogel systems, the distance between charges 

facilitates changes in the bulk material properties based on the strength of electrostatic 

interactions between charged regions of the cross-linker and the charged monomer functional 

group.37 Most importantly, charge spacing will also influence the ionic solvation interactions 

throughout the 3D structure. These ionic solvation interactions lead to the formation of a tightly 

bound hydration layer that is critical for maintaining the non-fouling performance in complex 

environments. To extend the distance between the zwitterionic components the previous 

outside-in strategy has been employed to build tripeptide zwitterionic cross-linkers 3-14 and 

3-15, another key feature not available in carboxy- or sulfobetaine based cross-linkers. 

Outside in strategy consists of three different synthetic strategies. Peptide coupling, 

methacrylation and chemo-selective protection and deprotection respectively. Whereas both 

methacrylation and peptide coupling are key to the development of these compounds, the 

choice of protecting groups was crucial due to the higher reactivity of the 
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methacrylate/methacrylamide group. For the selected outside-in strategy, N and C protected 

mono methacrylated products were coupled by a peptide coupling agent followed by a selective 

and global deprotection. The initially plan was to implement an orthogonal protection and 

deprotection strategy using acid labile group for the N-termini and base labile group for C 

termini. Even though protection of C and N termini were well tolerated through many different 

reaction schemes, attempted deprotections also cleaved the methacrylate group. For example, 

many known carboxylate ester-protection strategies including Bn, PMB, Me gave good yields 

followed by easy methacrylation step. However, conventional deprotection conditions such as 

hydrogenation using Pd-C/H2, DDQ; LiOH/MeOH for Bn, PMB and Me deprotection 

respectively could not provide monomethacrylated carboxylate coupling partners. Non-

conventional deprotection protocols such as NaSEt or Me3SnOH/DCE failed to give the 

desired product as well.90 However, tert-butyl esters (t-Bu), and Boc both of which could be 

deprotected under acidic conditions, where the rate of tert-butyl ester deprotection is more 

sluggish than Boc deprotection, allows Boc to be selectively deprotected under acidic 

environment. This strategy has proved valuable as chemo-selective protecting groups for the 

C-termini and N-termini respectively and has been utilized throughout all the outside-in cross-

linker syntheses like the previous chapter, as shown below in Scheme 3.1. 
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Scheme 3. 1: Synthesis of monomethacrylated serine and lysine coupling partners 

3.2 Results and Discussion: 

In order to synthesize dipeptide combinations N-Ser-Lys-C, N-Lys-Ser-C, and N-Lys-

Lys-C in zwitterionic bis(methacrylate/methacrylamide) cross-linkers, first the synthesis of N 

and C coupling partner of serine and lysine was performed.57 Synthesis of serine derivatives 

has been described in the previous chapter. The lysine C-terminus coupling partner 3-16 was 

obtained in 39% yield from commercially available N-Boc-L-lysine by treatment with 

NaHCO3 and methacryloyl chloride in a 6:1 THF–H2O solution.91 Acid 3-16 was then 

protected at the C termini with tert-butyl group by treatment with tert-butyl N,N′-

diisopropylcarbamimidate in DCM to afford 3-17. Boc group was then selectively deprotected 

in presence of acid labile tert-butyl group through treatment with TFA in DCM to provide N 
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coupling partner 3-18 as its TFA salt in 63% yield by carefully monitoring the reaction with 

NMR. With all four required serine and lysine coupling partners in hand, three different mixed 

dimethacrylates for example N-Lys-Lys-C, N-Lys-Ser-C and N-Ser-Lys-C were obtained. The 

reactions are completed with the peptide bond formation reactions by using HBTU in DMF 

with DIPEA as a base at room temperature, obtaining the products in variable yields ranging 

from 47% to 55%. The final zwitterionic cross-linker dipeptide products 3-11–3-13 were 

prepared by global deprotection of dimethacrylated precursors 3-21–3-23, respectively, 

through treatment with TFA in chloroform and were isolated as their TFA salts (Scheme 3.2). 

 

Scheme 3. 2: Peptide coupling of N and C coupling partners of Serine and Lysine to provide 

dimethacrylated precursors followed by global deprotection to provide a series of 

methacrylate and methacrylamide cross-linkers 

The final deprotection step was monitored by NMR using TFA-d1 and CDCl3 as 

solvents. Since Boc and tert-butyl both can be cleaved by TFA: DCM environment, it was 

necessary to monitor the reaction with the help of NMR. The peaks corresponding to Boc and 

tert-butyl rapidly falls off in TFA: DCM reaction environment with Boc group cleaves off first 
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compared to tert-butyl making it easy to monitor the reaction with the help of NMR. In Scheme 

3.2 Cross-linker 3-11 contains a dimethacrylamide species that might be more resistant to 

hydrolysis compared with dimethacrylates, while providing a longer length (14 atoms spacer 

meaning that there are 14 atoms between the polymerizable units) than that of N-Ser-Ser-C 

dimethacrylate cross-linker 10 reported in the previous chapter.66 Compounds 3-12 and 3-13 

provide an equal length (11 atoms) between polymerizable units but place the zwitterionic 

components on either the serine or lysine side, respectively which opens opportunities to see 

if these subtle differences affect the hydration layer and/or degradation rate. 

 

 

Scheme 3. 3: Synthetic Schemes to provide tripeptide cross-linkers 

To complement the outside-in strategy and to highlight its utility, a glycine spacer was 

added between two lysine methacrylamide coupling partners, creating the N-Lys-Gly-Lys-C 

dimethacrylamide cross-linker 3-15, and between two serine coupling partners to create the N-

Ser-Gly-Ser-C dimethacrylate 3-14 (Scheme 3.3). The addition of glycine units increases the 

length between two zwitterionic charges, which will potentially affect the hydration layering. 
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With this family of zwitterionic cross-linkers, the aim is to determine how critical the atom 

spacing between charges in the zwitterionic cross-linker is on the properties of polyampholyte 

hydrogels during the completion of the Hydrogel Characterization Objectives. In these pair of 

compounds, the zwitterionic units are separated by seven atoms while the distance between 

charges, the length and type of the cross-linker are different. These are all very important 

variables that can contribute to understanding the physical and chemical properties of the 

polyampholyte synthesized from these monomeric units. N coupling partner of lysine 3-18 was 

coupled with commercially available N Boc-glycine in presence of HBTU to afford the Boc 

and tert-butyl protected dipeptide 3-24 in 47% yield. Rapid TFA deprotection removes the Boc 

group selectively and subsequent (1H-1,2,3-benzotriazol-1-yloxy) (tripyrrolidin-1-

yl)phosphoniumhexafluorophosphate (PyBOP) coupling with 3-16 gave the fully protected 

dimethacrylated tripeptide 3-25. In this case, the reason for using phosphonium coupling as 

opposed to HBTU as before is that PyBOP gave a slightly higher yield than HBTU. Finally, a 

final global deprotection using TFA and DCM produced cross-linker 3-15 as its TFA salt in 

86% yield. The Ser-Gly-Ser dimethacrylate cross-linker was synthesized in a similar fashion 

starting from C protected serine 2-6 with coupling to N-Boc-glycine by using HBTU to give 

3-27. Followed by Boc deprotection, coupling of 2-8, and global deprotection gave the 

tripeptide dimethacrylate 3-14 in 90% yield. 

3.3 Experimental: 

3.3.1 Characterization of molecules 3-11 to 3-27a: 

Procedures for compounds 2-6 and 2-8 can be found in a previous chapter.  
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ε-Methacryloyl-Boc L-Lysine (Bos-LysMA) (3-16): Boc-Lys-OH (5.0 g, 0.0203 mol) and 

sodium bicarbonate (3.44 g, 0.041 mol) were dissolved in 50 mL solution of THF and 

deionized water (6:1 v/v). Methacryloyl chloride (4 mL, 0.041 mol) in 10 mL THF was added 

dropwise to the solution over 30 min at 0 °C, and the reaction mixture was then warmed to 

room temperature and allowed to stir for 2 hrs. The solution was then concentrated under 

vacuum and the pH was adjusted to ∼2 using 0.1 M HCl aqueous solution. The mixture was 

extracted with ethyl acetate and the organic phase was collected and washed with 50 mL of 

deionized water. The organic phase was evaporated, and the resulting crude oil was purified 

using column chromatography (ethyl acetate) to obtain (2.51 g) of product 3-16 as a colorless 

oil in 39% yield and matched known characterization data.2 1H NMR (500 MHz, Chloroform-

d) δ 6.06 (d, J = 1.1 Hz, 1H), 5.70 (d, J = 1.1 Hz, 1H), 4.28 (s, 1H), 3.39 – 3.25 (m, J = 6.9 Hz, 

2H), 1.95 (t, J = 1.1 Hz, 3H), 1.74 (ddt, J = 12.0, 9.6, 5.9 Hz, 2H), 1.63 – 1.53 (m, 2H), 1.50 – 

1.45 (m, 2H), 1.44 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 175.3, 169.2, 156.1, 139.9, 120.1, 

80.3, 53.3, 39.4, 31.9, 29.1, 28.4, 22.5, 18.8. [M+H]+ calcd for C15H26N2O5, 313.1763, found, 

313.1754. 
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ε-Methacryloyl-t-butyl Boc L-Lysine (t-butyl-Boc-LysMA) (3-17): A solution of ε-

methacryloyl-Boc L-lysine (3-16) (2.0 g, 6.3 mmol) in DCM (10 mL) was added to tert-butyl 

N, N'-diisopropylcarbamimidate (2.55 g, 0.0165 mol). The reaction was stirred in an ice bath 

for 30 min, and then allowed to warm up to RT and stirred for 12 hours. Hexanes (10 mL) was 

added to the reaction, and it was stirred for an additional 15 mins. The suspension was filtered 

through a pad of celite to remove the diisopropyl urea by-product, and the filtrate was 

concentrated under vacuo. The resulting residue was purified by column chromatography, (7:3 

EtOAc/hexanes). Product containing fractions were concentrated in vacuo and t-butyl Boc-

LysMA (3-17) was obtained as a clear oil (823 mg, Yield 35%). FTIR (cm-1) 3336, 2977, 2931, 

1702, 1657, 1524, 1366.  1H NMR (500 MHz, Chloroform-d) δ 5.86 (s, 1H), 5.65 (dt, J = 1.5 

Hz, 1H), 5.29 (dt, J = 1.5 Hz, 1H), 5.05 (d, J = 8.2 Hz, 1H), 4.18 – 4.13 (m, 1H), 3.30 (td, J = 

7.0, 5.7 Hz, 2H), 1.95 (dd, J = 1.6, 1.0 Hz, 3H), 1.83 – 1.74 (m, 2H), 1.67 – 1.55 (m, 3H), 1.45 

(s, 9H), 1.43 (s, 9H),  13C NMR (126 MHz, CDCl3) δ 172.0, 168.6, 155.6, 140.4, 119.2, 82.0, 

79.7, 53.9, 39.5, 32.8, 29.2, 28.5, 28.1, 22.7, 18.8. [M+H]+  calcd for C19H34N2O5, 371.2546; 

found 371.2542. 
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ε-Methacryloyl-t-butyl L-Lysine (t-butyl-LysMA•CF3COOH) (3-18): t-butyl-N-Boc-Lysine 

methacrylate (3-17) (100 mg, 0.270 mmol) was dissolved in 3.0 mL of DCM and 200 µL of 

TFA (giving 6% TFA) was added at room temperature and stirred for 3 hours. The solvent was 

removed in vacuo and product (3-18) was isolated as a light-yellow oil (65.70 mg, 63% yield) 

which was carried for the without any further purification. FTIR (cm-1) 2943, 1739, 1155, 

1676, 1537.  1H NMR (500 MHz, Chloroform-d) δ 8.38 (s, 2H), 6.64 (d, J = 5.9 Hz, 1H), 5.71 

– 5.63 (d, J = 5.9 Hz2H), 5.31 (tt, J = 2.7, 1.3 Hz, 2H), 3.89 (t, J = 6.2 Hz, 1H), 3.27 (q, J = 

7.4, 6.3 Hz, 2H), 1.94 (dd, J = 1.6, 0.9 Hz, 2H), 1.90 (dd, J = 1.5, 0.9 Hz, 3H), 1.59 – 1.51 (m, 

4H), 1.46 – 1.43 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 169.6, 168.6, 161.3 (q, JC-F = 43.19 

Hz, C=O), 139.5, 120.5, 119.8 (q, JC-F = 323.93 Hz, -CF3), 84.5, 53.5, 39.2, 29.9, 28.7, 27.8, 

21.9, 18.5. [M+H]+ calcd for C14H26N2O3, 271.2022; found, 271.2016. 

 

tert-butyl (tert-butoxycarbonyl) N-Ser-Lys-C dimethacrylate (3-22): Methacrylated N-Boc 

Serine (2-8) (67.4 mg, 0.246 mmol) was dissolved in DMF to which HBTU (93.53 mg, 0.246 

mmol) was added in one portion. The reaction mixture was stirred for an hour before adding 

(3-18) (67.26 mg, 0.205 mmol) and DIPEA (82.1 mg, 0.635 mmol). The reaction was then 
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stirred for an additional 3 hours. The reaction mixture was then dissolved in water and extracted 

with ethyl acetate (5 x 10 mL). The crude reaction was then subjected to column 

chromatography (7:3 hexane: ethyl acetate) and collected 64.61 mg of (3-22) as a light-yellow 

oil (54% yield, telescoping over 2 steps). FTIR (cm-1) 2979, 1720, 1658, 1533, 1168. 1H NMR 

(500 MHz, Chloroform-d) δ 6.96 (d, J = 7.6 Hz, 1H), 6.09 (s, 1H), 5.67 (s, 1H), 5.57 (t, J = 1.7 

Hz, 1H), 5.54 – 5.43 (m, 1H), 5.30 (s, 1H), 4.49 (s, 1H), 4.40 (ddt, J = 15.8, 11.4, 5.7 Hz, 3H), 

3.27 (q, J = 6.0 Hz, 2H), 1.92 (d, J = 15.2 Hz, 6H), 1.83 (ddt, J = 14.4, 10.0, 5.6 Hz, 1H), 1.68 

(ddt, J = 12.8, 8.6, 4.2 Hz, 1H), 1.61 – 1.49 (m, 2H), 1.43 (s, 18H), 1.39 – 1.29 (m, 2H). 13C 

NMR (126 MHz, CDCl3) δ 171.0, 169.07, 168.9, 167.1, 155.5, 140.1, 135.8, 126.5, 119.7, 

82.4, 80.6, 64.7, 53.9, 52.8, 39.2, 32.2, 29.0, 28.4, 28.1, 22.4, 18.8, 18.3. [M+Na]+ calcd for 

C26H43N3O8Na, 548.2948; found, 548.2961. 

 

tert-butyl (tert-butoxycarbonyl) N-Lys-Ser-C dimethacrylate (3-23):   ε-methacryloyl-Boc L-

lysine (3-16) (914 mg, 2.91 mmol) was dissolved in DMF to which HBTU (1.1 g, 2.91 mmol) 

was added in one portion. The reaction mixture was stirred for an hour before adding (2-

6) (832 mg, 2.42 mmol) and DIPEA (969.6 mg, 7.5 mmol). The reaction was then stirred for 

an additional 3 hours. The reaction mixture was dissolved in water and extracted with ethyl 

acetate (5 x 10 mL). The crude reaction mixture was then subjected to column chromatography 

(7:3 Hexanes: EtOAc) and the product (3-23) was collected as a yellow oil (598 mg, 47% yield, 

telescoping over 2 steps). FTIR (cm-1) 2979, 1720, 1658, 1618, 1533, 1168. 1H NMR (500 
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MHz, Chloroform-d) δ 6.98 (d, J = 7.9 Hz, 1H), 6.13 (d, J = 7.2 Hz, 1H), 6.05 (s, 1H), 5.64 (s, 

1H), 5.54 (t, J = 1.8 Hz, 1H), 5.26 (d, J = 2.7 Hz, 2H), 4.68 (dt, J = 7.3, 3.5 Hz, 1H), 4.41 

(d, J = 3.5 Hz, 2H), 4.07 (s, 1H), 3.27 (dtd, J = 22.6, 13.3, 6.6 Hz, 2H), 1.91 (s, 3H), 1.88 

(s, 3H), 1.81 (p, J = 6.6 Hz, 1H), 1.62 (dt, J = 14.7, 7.9 Hz, 1H), 1.56 – 1.47 (m, 4H). 1.41 (s, 

9H), 1.38 (s, 9H).  13C NMR (126 MHz, CDCl3) δ 172.1, 168.8, 168.1, 166.8, 155.8, 140.2, 

135.6, 126.5, 119.4, 83.0, 80.06, 64.4, 54.4, 52.5, 38.9, 31.8, 29.1, 28.3, 27.9, 22.7, 18.7, 18.2. 

[M+H]+ calcd for C26H43N3O8, 526.3128; found, 526.3154. 

 

tert-butyl (tert-butoxycarbonyl) N-Lys-Lys-C dimethacrylate (3-21): ε-methacryloyl-Boc L-

lysine (3-16) (116.3 mg, 0.37 mmol) was dissolved in DMF to which HBTU (167.30 mg, 0.44 

mmol) was added in one portion. The reaction mixture was stirred for an hour before adding 

(3-18) (118 mg, 0.31 mmol) and DIPEA (148.25 mg, 1.147 mmol). The reaction was stirred 

for an additional 3 hours. The reaction mixture was dissolved in water and extracted with ethyl 

acetate (5 x 10 mL). The crude reaction was then subjected to column chromatography (8:2 

ethyl acetate: hexane) to provide 60 mg of compound (3-21) as a white solid (Yield 55%, 

telescoping over 2 steps). FTIR (cm-1) 2929, 2859, 1726, 1707, 1648, 1611, 1509, 1391, 

1366.  1H NMR (500 MHz, Chloroform-d) δ 6.78 (d, J = 7.7 Hz, 1H), 6.09 – 6.00 (d, J = 5.5 

Hz, 2H), 5.68 (d, J = 5.5 Hz, 2H), 5.31 (dq, J = 6.5, 1.5 Hz, 2H), 4.41 (td, J = 7.8, 4.4 Hz, 1H), 

4.15 – 4.03 (m, 1H), 3.30 (tt, J = 19.7, 6.8 Hz, 4H), 1.96 (t, J = 1.4 Hz, 6H), 1.90 – 1.78 (m, 

3H), 1.69 (tt, J = 14.0, 8.0 Hz, 4H), 1.61 – 1.52 (m, 5H), 1.44 (dd, J = 8.5, 1.2 Hz, 18H). 13C 
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NMR (126 MHz, CDCl3) δ 172.1, 171.3, 168.9, 168.8, 155.9, 140.3, 140.2, 119.5, 119.5, 82.2, 

54.5, 52.6, 39.2, 39.1, 31.9, 29.2, 28.4, 28.1, 22.7, 22.4, 18.9. [M+Na]+ calcd for 

C29H50N4O7Na, 589.3577; found, 589.3605. mp 150 °C.  

 

N-Ser-Lys-C •CF3COOH (3-12): Compound (3-22) (10 mg, 0.019 mmol) was dissolved in 1 

mL of 1:1 d1-TFA: d-CHCl3 and was stirred for an hour at room temperature while monitoring 

by NMR. The solvent was then removed in vacuo and the product (8.42 mg) was collected as 

a colorless oil. Yield 92%. FTIR (cm-1) 2934, 2866, 1663, 1606, 1537, 1177, 1134. 1H NMR 

(500 MHz, Methanol-d4) δ 6.21 (s, 1H), 5.68 (d, J = 9.2 Hz, 2H), 5.36 (d, J = 9.2 Hz, 2H), 4.55 

(qd, J = 12.4, 4.8 Hz, 2H), 4.43 (dd, J = 8.9, 4.8 Hz, 1H), 4.30 (ddd, J = 5.7, 3.8, 1.8 Hz, 1H), 

3.24 (t, J = 7.1 Hz, 2H), δ 1.94 (dd, J = 5.3, 1.3 Hz, 6H), 1.81 – 1.70 (m, 2H), 1.57 (qd, J = 

7.2, 3.2 Hz, 2H), 1.49 – 1.36 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 174.5, 171.4, 167.8, 

167.1, 162.2 (q, JC-F = 36.55 Hz, C=O), 141.4, 136.7, 127.7, 121.1, 120.3, 118.8, 116.5 (q, JC-

F = 291.61 Hz, -CF3), 63.8, 53.9, 53.5, 40.2, 31.9, 29.9, 24.1, 18.8, 18.3. [M+H]+ calcd for 

C17H27N3O6, 370.1978; found, 370.1978. 
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N-Lys-Ser-C •CF3COOH (3-13): Compound 3-23 (10 mg, 0.019 mmol) was dissolved in 1 mL 

of 1:1 d1-TFA: d-CHCl3 and was stirred for an hour at room temperature while monitoring by 

NMR. The solvent was then removed in vacuo and the product (8.24 mg) was collected as a 

colorless oil. Yield 80%. FTIR (cm-1) 2926, 1665, 1538, 1178, 1135. 1H NMR (500 MHz, 

Methanol-d4) δ 6.13 (d, J = 1.3 Hz, 2H), 5.69 (d, J = 1.3 Hz, 2H), 5.66 (t, J = 1.6 Hz, 1H), 5.41 

– 5.35 (m, 1H), 4.82 (d, J = 4.3 Hz, 1H), 4.50 (dd, J = 4.4, 1.1 Hz, 2H), 3.93 (t, J = 6.4 Hz, 

1H), 3.26 (td, J = 6.9, 4.7 Hz, 2H), 1.93 (q, J = 1.4 Hz, 6H), 1.87 (dtd, J = 15.4, 8.2, 7.5, 2.5 

Hz, 2H), 1.60 (dd, J = 7.8, 6.4 Hz, 2H), 1.52 – 1.47 (m, 2H).13C NMR (126 MHz, Methanol-

d4) δ 171.5, 171.3, 170.3, 168.2, 163.0 (q, JC-F = 36.23 Hz, C=O),162.6, 162.3, 161.8, 141.3, 

137.2, 126.9, 122.3, 120.4, 119.1, 116.3 (q, JC-F  = 281.52 Hz, -CF3), 114.1, 64.9, 54.2, 53.3, 

40.0, 32.3, 30.1, 22.9, 18.8, 18.3. [M-H]- calcd for C17H27N3O6, 368.1822; found, 368.1823. 

 

N-Lys-Lys-C •CF3COOH (3-11):  Compound (3-21) (10 mg, 0.017 mmol) was dissolved in 1 

mL of 1:1 d1-TFA: d-CHCl3 and was stirred for an hour at room temperature while monitoring 

by NMR. The solvent was then removed in vacuo and the product (3-11) (8.1 mg) was collected 

as a colorless oil. Yield 91% FTIR (cm-1) 2932, 2870, 1724, 1654, 1604, 1534, 1179, 1134.1H 
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NMR (500 MHz, Methanol-d4) δ 5.68 (d, J = 7.4 Hz, 2H), 5.36 (d, J = 7.4 Hz, 2H), 4.42 (dd, 

J = 9.0, 4.8 Hz, 1H), 3.89 (t, J = 6.4 Hz, 1H), 3.25 (q, J = 7.4 Hz, 4H), 1.93 (d, J = 1.3 Hz, 6H), 

1.92 – 1.72 (m, 4H), 1.63 – 1.56 (m, 3H), 1.53 – 1.40 (m, 5H). 13C NMR (126 MHz, Methanol-

d4) δ 174.7, 171.4, 170.2, 161.6 (q, J C-F = 37.93 Hz, C=O), 141.4, 141.3, 120.7, 120.4, 120.3 

(q, J C-F = 287.47 Hz, -CF3), 54.3, 53.7, 40.2, 40.0, 32.3, 31.9, 30.0, 29.9, 24.2, 22.9, 18.8. [M-

H]- calcd for C20H34N4O5, 409.2451; found, 409.2461. 

 

ε-methacryloyl-tert-butyl-Lysine (tert-butoxycarbonyl) glycine (t-butyl-Lys-N-Boc-Gly) (3-

24): N-Boc-Glycine (100 mg, 0.57 mmol) was dissolved in DMF to which HBTU (178.24 mg, 

0.47 mmol) was added in one portion. The reaction mixture was stirred for an hour before 

adding 3-18 (80.9 mg, 0.47 mmol) and DIPEA (188.31 mg, 1.45 mmol). The reaction was 

stirred for an additional 3 hours. At that time, the reaction mixture was diluted with water and 

extracted with ethyl acetate (5 x 10 mL). The crude reaction was then subjected to column 

chromatography (2:1 ethyl acetate: hexane) providing the coupled product (3-24) as a colorless 

oil (94.3 mg, 47% yield, telescopic over 2 steps). FTIR (cm-1) 2977, 2932, 1718, 1655, 1615, 

1522, 1366, 1155.  1H NMR (500 MHz, Chloroform-d) δ 6.67 (d, J = 7.9 Hz, 2H), 6.02 (d, J = 

7.9 Hz, 2H) 5.30 (dd, J = 1.6, 1.2 Hz, 1H), 5.24 (s, 1H), 4.47 (td, J = 7.9, 4.7 Hz, 1H), 3.80 

(dd, J = 6.0, 1.7 Hz, 2H), 3.31 – 3.24 (m, 2H), 1.95 (dd, J = 1.6, 0.9 Hz, 3H), 1.89 – 1.79 (m, 

1H), 1.71 – 1.51 (m, 4H), 1.43 – 1.34 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 171.4, 169.3, 
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168.8, 156.1, 140.3, 119.4, 82.42, 80.34, 52.5, 44.4, 39.2, 32.2, 29.1, 28.4, 28.1, 22.4, 18.8. 

[M+H]+ calcd for C21H37N3O6, 428.2772; found, 428.2761. 

 

ε-methacryloyl-N-Boc-Lys-Gly tert-butyl N-Lys-Glycine (3-25): Compound (3-24) (100 mg, 

0.23 mmol) was dissolved in 0.4 mL TFA in 2 mL DCM and stirred for an hour at room 

temperature. The solvent was then removed in vacuo and the product was collected as a light-

yellow oil and was used as is for the next step without any further purification. Yield: 82.2 mg 

(81%). [M+H]+ calcd for C16H29N3O4, 328.2236; found, 328.2247. 

Compound (3-16) (48 mg, 0.152 mmol) was dissolved in DMF to which PyBOP (93.7 mg, 

0.18 mmol) was added in one portion. The reaction mixture was stirred for an hour before 

adding the deprotected salt (55.8 mg, 0.13 mmol) and DIPEA (52.08 mg, 0.40 mmol). The 

reaction was stirred for an additional 3 hours, diluted with water, and extracted with ethyl 

acetate (5 x 10 mL). The crude reaction was then subjected to column chromatography (9:1 

ethyl acetate: methanol) to yield 49%, telescopic over 2 steps (40 mg). FTIR (cm-1) 2977, 2932, 

1719, 1665, 1622, 1155. 1H NMR (500 MHz, Chloroform-d) δ 7.10 (s, 1H), 6.88 (d, J = 7.9 

Hz, 1H), 6.19 (d, J = 7.9 Hz, 2H), 5.69 (dt, J = 2.3, 1.2 Hz, 2H), 5.31 (q, J = 1.5 Hz, 2H), 4.42 

(td, J = 7.9, 4.7 Hz, 1H), 4.08 – 3.87 (m, 2H), 3.29 (dp, J = 13.4, 6.8 Hz, 5H), 1.95 (dq, J = 

2.0, 1.0 Hz, 6H), 1.92 – 1.79 (m, 3H), 1.76 – 1.62 (m, 3H), 1.62 – 1.48 (m, 6H), 1.43 (d, J = 

9.2 Hz, 18H). 13C NMR (126 MHz, CDCl3) δ 172.9, 171.2, 169.1, 168.7, 156.1, 140.1, 119.9, 



64 

 

82.4, 80.38, 54.8, 52.8, 43.3, 39.3, 39.0, 31.8, 29.2, 29.2, 28.513, 28.2, 22.7, 22.5, 18.9. 

[M+Na]+ calcd for C31H53N5O8Na, 646.3792; found, 646.3813. 

 

N-Lys-Gly-Lys dimethacrylate •CF3COOH (3-15): The purified globally protected compound 

(3-25) (10 mg, 0.16 mmol) was dissolved in 1:2 d1-TFA: d-CHCl3 and was stirred at room 

temperature while monitoring by NMR. The solvent was then removed in vacuo and the 

product (3-15) was collected as a colorless oil. (8 mg, 86% yield). FTIR (cm-1) 2935, 1736, 

1655, 1609, 1534, 1176, 1132. 1H NMR (500 MHz, Methanol-d4) δ 5.70 – 5.65 (m, 2H), 5.36 

(dq, J = 6.3, 1.5 Hz, 2H), 4.39 (dd, J = 8.7, 4.9 Hz, 1H), 3.98 (d, J = 6.8 Hz, 1H), 3.90 – 3.85 

(m, 2H), 3.29 – 3.20 (m, 5H), 1.93 (d, J = 1.3 Hz, 6H), 1.91 – 1.84 (m, 4H), 1.76 – 1.70 (m, 

2H), 1.58 (ddd, J = 15.2, 7.6, 3.3 Hz, 4H), 1.49 – 1.39 (m, 2H). 13C NMR (126 MHz, Methanol-

d4) δ 175.2, 171.4, 171.3, 170.8, 170.6, 162.2 (q, J C-F = 35.11 Hz, C=O), 141.4, 141.3, 130.5 

(q, J C-F = 292.75 Hz, -CF3) 120.4, 120.2, 54.5, 53.6, 43.0, 40.3, 39.9, 32.3, 32.1, 30.0, 29.9, 

24.2, 23.1, 18.8. 18.8 [M-H]- calcd for C22H37N5O6, 466.2666; found, 466.2673. 

 

ε-methacryloyl-Ser-Gly tert-butyl (tert-butoxycarbonyl) N-Ser-Gly-C (3-27): N-

Boc Glycine (292 mg, 1.66 mmol) was dissolved in DMF to which HBTU (640 mg, 1.66 
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mmol) was added in one portion. The reaction mixture was stirred for an hour before adding (2-

6) (400 mg, 1.4 mmol) and DIPEA (560 mg, 4.4 mmol). The reaction was then stirred for an 

additional 3 hours. The reaction mixture was dissolved in water and extracted with ethyl acetate 

(5 x 10 mL). The crude reaction was then subjected to column chromatography (7:3 hexane: 

ethyl acetate) and (3-27) was collected as a yellow oil (100 mg, 56% yield, telescopic over 2 

steps). FTIR (cm-1) 3313, 2978, 1720, 1509, 1144. 1H NMR (500 MHz, Chloroform-d) δ 6.83 

(d, J = 7.6 Hz, 1H), 6.09 (dq, J = 1.9, 1.0 Hz, 1H), 5.58 (p, J = 1.6 Hz, 1H), 4.76 (dt, J = 7.4, 

3.4 Hz, 1H), 4.50 – 4.39 (m, 2H), 3.83 (dd, J = 15.3, 10.3 Hz, 2H), 1.92 (dd, J = 1.6, 1.0 Hz, 

3H), 1.45 (s, 9H), 1.45 (s, 9H).  13C NMR (126 MHz, CDCl3) δ 169.4, 168.2, 166.9, 156.1, 

135.7, 126.5, 83.3, 80.51, 64.6, 52.5, 46.0, 44.4, 28.4, 28.0, 18.3. [M+H]+ calcd for 

C18H30N2O7, 387.2131; found, 387.2133. 

 

N-Ser-Gly-Ser dimethacrylate •CF3COOH (3-14): Compound (3-27) (100 mg, 0.258 mmol) 

was dissolved in 2:1 DCM: TFA at RT and stirred for 3 hours. The solvent was removed in 

vacuo and the product was isolated as a light-yellow oil was used as is for the next step without 

any further purification. Yield 80% (82 mg). Methacrylated Boc-Serine (2-8) 

(100 mg, 0.366 mmol) was dissolved in DMF to which HBTU (139.2 mg, 0.366 mmol) was 

added in one portion. The reaction mixture was stirred for an hour before adding the product 

from the last step (122 mg, 0.305 mmol) and DIPEA (122.1 mg, 0.945 mmol). The reaction 

was then stirred for an additional 3 hours. The reaction mixture was dissolved in water and 
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extracted with ethyl acetate (5 x 10 mL). The crude reaction was then subjected to column 

chromatography (2:1 hexane: ethyl acetate) and collected as a white solid (90 mg, 54% 

yield). 1H NMR (500 MHz, Chloroform-d) δ 7.01 (t, J = 5.3 Hz, 1H), 6.86 (d, J = 7.6 Hz, 1H), 

6.10 (d, J = 8.7 Hz, 2H), 5.63 – 5.54 (m, 2H), 5.39 (d, J = 7.4 Hz, 1H), 4.73 (dt, J = 7.3, 3.6 

Hz, 1H), 4.46 (d, J = 3.0 Hz, 3H), 4.40 (dd, J = 11.3, 4.9 Hz, 1H), 4.09 (dd, J = 16.7, 5.6 Hz, 

1H), 3.93 (dd, J = 16.8, 5.0 Hz, 1H), 1.93 – 1.91 (m, 6H), 1.45 (s, 9H), 1.44 (s, 9H). 13C NMR 

(126 MHz, CDCl3) δ 169.8, 168.2, 168.0, 167.1, 155.6, 135.8, 135.6, 126.8, 126.7, 83.4, 80.9, 

64.5, 64.4, 54.0, 52.8, 43.7, 28.4, 28.0, 18.4, 18.3. [M+Na]+ calcd for C25H39N30O10Na, 

564.2544; found, 564.2533. mp 91°C. Finally, the dimethacrylated precursor (10 mg, 

0.018 mmol) was dissolved in 1 mL of 1:1 d1-TFA: d-CHCl3 and was stirred for an hour at 

room temperature while monitoring by NMR. The solvent was then removed in vacuo and the 

product (3-14) was collected as a light-yellow oil. (8.1 mg, 90% yield, telescopic over 2 

steps). FTIR (cm-1) 3204, 2926, 1698, 1539, 1149. 1H NMR (500 MHz, Methanol-d4) δ 6.21 

(t, J = 1.3 Hz, 1H), 6.11 (dt, J = 6.3, 1.3 Hz, 1H), 5.71 (t, J = 1.5 Hz, 1H), 5.65 (dq, J = 3.1, 

1.6 Hz, 1H), 4.83 – 4.78 (m, 1H), 4.60 – 4.40 (m, 6H), 4.33 (dd, J = 5.7, 3.9 Hz, 1H), 4.10 – 

3.94 (m, 2H), 1.95 (t, J = 1.3 Hz, 3H), 1.93 – 1.91 (m, 3H).  13C NMR (126 MHz, Methanol-

d4) δ 171.9, 170.8, 168.3, 167.8, 167.6, 161.6, (q, JC-F = 37.78 Hz, C=O), 137.3, 136.7, 127.7, 

126.9, 118.5 (q, JC-F = 292.76 Hz, -CF3), 65.0, 63.6, 53.7, 53.1, 43.1, 18.3. [M+H]+ calcd for 

C16H23N3O8, 386.1563; found, 386.1555. 

1H and 13C NMRs for these compounds can be found in Appendix A. 
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3.4 Conclusion: 

A series of dipeptide dimethacrylamide and mixed dimethacrylate zwitterionic cross-

linkers have been created through an outside-in strategy. Dipeptide based zwitterionic cross-

linkers for example N-Ser-Ser-C, N-Ser-Lys-C, N-Lys-Ser-C, and N-Lys-Lys-C are charge 

separated by four atoms (the peptide bond and alpha-carbons). It is synthesized from peptide 

coupling of mono methacryloyl components of each amino acid followed by careful 

deprotection of the C and N termini, chemo-selective protection and deprotection being the 

most crucial step. While zwitterionic properties have proven necessary for maintaining non-

fouling behavior, the impact of charge spacing have never been tested for cross-linkers.82 

Studies have shown that charge spacing within monomer subunits has a direct influence on the 

non-fouling behavior in polymer brush and thin film hydrogel investigations. In polymer 

hydrogel systems, the distance between charges could also facilitate changes in the bulk 

material properties based on the strength of electrostatic interactions between charged regions 

of the cross-linker and the charged monomer functional group.86 Most importantly, charge 

spacing will also influence the ionic solvation interactions throughout the 3D structure and 

these ionic solvation interactions lead to the formation of a tightly bound hydration layer that 

is critical for maintaining the non-fouling performance in complex environments. The next set 

of cross-linkers i.e., Ser-Gly-Ser and Lys-Gly-Lys will be used to correlate the structural 

variations in the cross-linker to the resulting polyampholyte hydrogel characteristics of non-

fouling, protein conjugation, mechanical properties, and degradation behavior. The results 

from this study will in turn guide the biomaterials community towards molecular-level design 

strategies for polymeric biomaterials to improve tissue regeneration. 
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Chapter 4: Outside-in Strategy for the introduction of glycol unit spacers and 

functionalizable groups to the cross-linker 

4.1. Introduction: 

Spacing between the polymerizable entities in the monomeric units can impact the 

hydrogel properties. For example, Zhang et al. and Chiu et al. demonstrated that changing the 

number of carbon spacers between the charged groups in their zwitterionic structures resulted 

in significant impacts on the non-fouling properties.36,61 In order to investigate this aspect with 

the technology mentioned in the previous chapters, two strategies were devised: 1) adding 

glycol unit spacers between the zwitterionic component; 2) adding functionalizable  groups (as 

peptide units) to the cross-linker. The glycol units offer properties similar to PEG groups to 

potentially make the cross-linkers more PEG like (biocompatible) and the addition of 

functional groups to the cross-linker show the many possibilities of addition different reactive 

site to these materials. An example of adding cell-cell signaling peptides to the cross-linkers is 

provided along with the solid-phase peptide synthesis of the small tripeptide DGR.     

 To retain the Ser-Ser zwitterionic component as mentioned in previous chapters yet 

extending the length of the cross-linker, the incorporation of a glycol spacer was proposed. A 

previous project in our group looked at the synthesis of a 3-bromopropyl methacrylate (3-

BPM) appendage unit which was also applicable to this project. The 3-BPM appendage can be 

synthesized readily through the DCC coupling of 3-bromopropan-1-ol and methacrylic acid. 

With this compound in hand the propylene glycol extended cross-linker could then be quickly 

synthesized. 

Secondly, the outside-in strategy discussed in the previous chapters present the 

possibility to further incorporate functionalizable amino acids and specific cell-cell and cell-
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matrix signaling cues as pendant side chains into the zwitterionic cross-linkers, as shown in 

scheme 4.2, 4.3 and 4.4 respectively. For example, incorporation of amino acids with anionic 

side chains in between two serine moieties act as a spacer for use in coupling other amino 

acid/peptide sequences as well as acts a control for zwitterionic cross-linker evaluation due to 

their charge imbalance. They could also demonstrate zwitterionic property at much lower pH 

which could be beneficial for in-vivo applications. 

4.2. Results and Discussion: 

To produce the glycol lengthened cross-linker, both amine and carboxylic acid 

coupling partners needed to be synthesized. Following a similar strategy as discussed in 

previous chapters Boc-protected serine was first appended with the methacrylated unit using 

3-BPM in the presence of a base where the oxygen of the primary alcohol nucleophilically 

attacks the carbonyl carbon of the 3-BPM. Different bases were screened for example 

inorganic bases such as NaH, CS2CO3 as well as common organic bases such as triethylamine 

and DIPEA, out of which potassium carbonate produced significantly higher yield and 

therefore has been used for this reaction. Bromo propyl methacrylate was synthesized 

following a procedure previously reported using DCC/DMAP. 
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Scheme 4. 1: Outside-in approach for the synthesis of propylene glycol serine dipeptide 

For the N-coupling partner, Boc and t-butyl protected serine was methacrylated using 

potassium carbonate as described before which provides the C-protected termini for peptide 

coupling. The C and N coupling partners (4-28 and 4-30) were then coupled using HBTU in 

presence of Hünigs base with the formation of dimethacrylated precursor which then 

underwent extensive TFA deprotection to provide the cross-linker (4-32) as a TFA salt. 

 

Figure 4. 1: Structure of N-Ser-Ser-C, N-Ser-Gly-Ser-C and N-PM-Ser-Ser-PM-C 

“Outside-In” strategy has been used to incorporate an aspartic acid spacer for later use in 

COOH coupling reactions as shown in (Scheme 4.3). Additionally, lengthier tethers such as 

glutamic acid and 2-aminohexanedioic acid can be inserted as a spacer in a similar fashion to 

evaluate the impact of tether length on the bioactivity of the appended compounds. For 
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example, the cell-cell signaling hormone NH2-arginine-glycine-aspartic acid-COOH (RGD), 

if properly protected, can be attached to the cross-linker. Synthesis of DGR peptide using SPPS 

has been described in Scheme 4.4. These spacers with an anionic side chain all differ by one 

methylene group which can act as a control zwitterion cross-linker evaluation due to their 

lowered IEP. 

Similarly, additional cross-linker variables discussed in previous chapters (length, 

charge spacing, charge density), can be examined, as additional charged groups can be added 

with aspartic acids and orthogonally protected cationic arginine groups. This family of 

synthesized cross-linkers will allow for evaluation of type, length, charge separation, and 

charge density on the delivery of cell signaling peptide sequences. For example, the synthesis 

of SDS lowers the IEP of the cross-linker below pH of 4, about 100x more acidic than simple 

dipeptide S-S cross-linker. 

 

 

Scheme 4. 2: Retrosynthesis for incorporation of anionic side chains as a spacer 
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Scheme 4. 3: Incorporation of aspartic acid as a spacer 

 

Scheme 4. 4: Synthesis of DGR using SPPS 
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4.3. Experimental: 

4.3.1. Characterization of molecules 4-28 to 4-37 

 

N-(tert-butoxycarbonyl)-O-(3-(methacryloyloxy)propyl)-L-serine (4-28): N-Boc Serine (125 

mg, 0.609 mmol) and 3 Bromo propyl methacrylate (151.03 mg, 0.732 mmol) was dissolved 

in DMF to which potassium carbonate (126.25 mg, 0.913 mmol) was added and the reaction 

mixture was stirred at RT for 30 hours. The reaction mixture was dissolved in water and 

extracted with ethyl acetate (5 x 10 mL). The crude reaction was then subjected to column 

chromatography (7:3 hexane: ethyl acetate) and collected 150 mg of 4-28 as a colorless oil. 

(75% yield). FTIR (cm-1) 3375.87, 2976.69, 1714.36, 1506.37, 1156.48. 1H NMR (500 MHz, 

Chloroform-d) δ 6.10 (dd, J = 1.6, 0.9 Hz, 1H), 5.58 (dd, J = 1.6 Hz, 0.9 Hz, 1H), 5.44 (s, 1H), 

4.39 – 4.27 (m, 3H), 4.22 (ddt, J = 11.5, 9.3, 6.0 Hz, 2H), 4.02 (dd, J = 11.2, 3.5 Hz, 1H), 3.89 

(dd, J = 11.2, 3.5 Hz, 1H), 2.05 (dt, J = 6.2, 3.0 Hz 2H), 1.93 (dd, J = 1.6, 1.0 Hz, 3H), 1.45 

(s, 9H). 13C NMR (500 MHz, CDCl3) δ 170.9, 167.6, 155.8, 136.2, 126.0, 80.4, 63.7, 62.0, 

60.8, 56.0, 28.4, 28.2, 18.4. [M+H]+ calcd for C15H25NO7, 332.1709, found, 332.1702. 

 

(S)-3-(3-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-3-oxopropoxy)propyl methacrylate (4-

29): N-Boc t-butyl-Serine (125 mg, 0.478 mmol) and 3-bromopropyl methacrylate (118.23 

mg, 0.574 mmol) was dissolved in DMF to which potassium carbonate (99 mg, 0.717 mmol) 
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was added and the reaction mixture was stirred at RT for 30 hours. The reaction mixture was 

dissolved in water and extracted with ethyl acetate (5 x 10 mL). The crude reaction was then 

subjected to column chromatography (8:2 hexane: ethyl acetate) and collected 80 mg of (4-29) 

as a white solid. (43% yield). FTIR (cm-1) 3323.13, 2929.39, 1649.59, 1175.54, 1568.88. 1H 

NMR (500 MHz, Chloroform-d) δ 6.10 (dt, J = 1.8, 1.0 Hz, 1H), 5.56 (dt, J = 1.8, 1.0 Hz, 1H), 

5.34 (dt, J = 9.0 Hz, , 3.0 Hz, 1H), 4.37 (dt, J = 9.0, 3.0 Hz, 1H), 4.32 – 4.19 (m, 4H), 3.80 (dd, 

J = 8.9, 3.0 Hz, 1H), 3.56 (dd, J = 8.9, 3.0 Hz, 1H), 2.03 (p, J = 6.3 Hz, 2H), 1.94 (t, J = 1.3 

Hz, 3H), 1.45 (s, 9H), 1.13 (s, 9H). 13C NMR (500 MHz, CDCl3) δ 171.0, 167.3, 155.8, 136.3, 

125.7, 79.9, 73.5, 62.3, 61.9, 61.2, 54.4, 28.5, 28.2, 27.4, 18.4. [M+H]+ calcd for C19H33NO7, 

388.2335, found, 388.2346. 

 

(S)-3-(2-amino-3-(tert-butoxy)-3-oxopropoxy)propyl methacrylate. TFA (4-29): (40 mg, 

0.103 mmol) was dissolved in 3:1 DCM: TFA at RT and stirred for 3 hours. The solvent was 

removed in vacuo and the (4-30) isolated as a light-yellow oil was used as is for the next step 

without any further purification. 
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(6S,9S)-9-(tert-butoxycarbonyl)-6-((tert-butoxycarbonyl)amino)-17-methyl-7,16-dioxo-

4,11,15-trioxa-8-azaoctadec-17-en-1-yl methacrylate (4-31): 4-28 (50 mg, 0.150 mmol) was 

dissolved in DMF to which HBTU (57 mg, 0.150 mmol) was added in one portion. The 

reaction mixture was stirred for an hour before adding 4-30 (51 mg, 0.125 mmol) and DIPEA 

(81 mg, 0465 mmol). The reaction was then stirred for an additional 3 hours. The reaction 

mixture was dissolved in water and extracted with ethyl acetate (5 x 10 mL). The crude reaction 

was then subjected to column chromatography (2:1 hexane: ethyl acetate) and collected 60 mg 

of (4-31) as a colorless oil (67% yield, telescopic over 2 steps). FTIR (cm-1) 3453.80, 2974.76, 

1715.48, 1155.7, 1391.72, 1496.70 1H NMR (600 MHz, Chloroform-d) δ 6.10 (d, J = 1.6 Hz, 

2H), 5.58 (d, J = 1.6 Hz, 2H), 5.46 (s, 1H), 4.34 – 4.27 (m, 6H), 4.21 (ddt, J = 11.5, 9.5, 6.0 

Hz, 5H), 4.05 – 4.00 (m, 2H), 3.91 – 3.86 (m, 2H), 2.05 (p, J = 6.2 Hz, 4H), 1.93 (dd, J = 1.6, 

1.0 Hz, 6H), 1.45 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 170.9, 167.6, 155.8, 136.1, 126.1, 

80.3, 63.6, 62.0, 60.8, 55.9, 28.4, 28.2, 18.4. 

 

O-(3-(methacryloyloxy)propyl)-N-(O-(3-(methacryloyloxy)propyl)-L-seryl)-L-serine . TFA (4-

32): 4-31 (50 mg, 0.07 mmol) was dissolved in 4 mL of a 1:1 DCM: TFA solution and stirred 

at RT until all the starting material was consumed. The solvent was removed in vacuo and the 

TFA-salt was isolated as a sticky oil. Yield: 35 mg (90%). FTIR (cm-1) 3453.08, 2974.73, 

1715.48, 1155.71, 1496.70, 1391.72, 1319.87. 1H NMR (500 MHz, Methanol-d4) δ 6.12 – 6.08 

(d, J = 1.6 Hz, 2H), 5.63 (d, J = 1.6 Hz, 2H), 4.37 (td, J = 6.3, 1.0 Hz, 4H), 4.26 (t, J = 6.3 Hz, 
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4H), 4.14 (dd, J = 4.5, 3.4 Hz, 2H), 4.02 (dd, J = 11.8, 4.5 Hz, 2H), 3.94 (dd, J = 11.8, 3.5 Hz, 

2H), 2.10 (p, J = 6.3 Hz, 4H), 1.93 (t, J = 1.3 Hz, 6H). 13C NMR (126 MHz, MeOD) δ 168.9, 

168.7, 162.4, 137.6, 126.3, 126.2, 63.3, 64.1, 62.1, 60.7, 56.7, 56.0, 28.9, 18.3. 

 

tert-butyl (R)-4-(((S)-1-(tert-butoxy)-3-(methacryloyloxy)-1-oxopropan-2-yl)amino)-3-((tert-

butoxycarbonyl)amino)-4-oxobutanoate (4-34): t-butyl Boc Asp (4-33) (202 mg, 0.69 mmol) 

was dissolved in DMF to which HBTU (265.55 mg, 0.69 mmol) was added in one portion. The 

reaction mixture was stirred for an hour before adding (2-6) (200 mg, 0.58 mmol) and DIPEA 

(233.2 mg, 1.8 mmol). The reaction was then stirred for an additional 3 hours. The reaction 

mixture was dissolved in water and extracted with ethyl acetate (5 x 10 mL). The crude reaction 

was then subjected to column chromatography (7:3 hexane: ethyl acetate) and collected 200 

mg of (4-34) as a colorless oil (60% yield, telescopic over 2 steps). FTIR (cm-1) 3308.19, 

2984.05, 1724.20, 1532.58, 1367.37, 1148.11. 1H NMR (500 MHz, Chloroform-d) δ 6.39 (d, 

J = 7.5 Hz, 1H), 6.08 (t, J = 1.2 Hz, 1H), 5.63 (d, J = 7.5 Hz, 1H), 5.58 (t, J = 1.6 Hz, 1H), 

4.72 (dt, J = 7.1, 3.4 Hz, 1H), 4.46 (dd, J = 11.3, 3.6 Hz, 1H), 4.39 (dd, J = 11.3, 3.2 Hz, 2H), 

2.87 (dd, J = 15.8, 4.8 Hz, 1H), 2.72 (dd, J = 15.7, 4.5 Hz, 1H), 1.91 (t, J = 1.2 Hz, 3H), 1.48 

– 1.38 (m, 27H). 13C NMR (126 MHz, CDCl3) δ 170.3, 169.9, 168.3, 166.8, 155.8, 135.7, 

126.5, 83.2, 82.2, 79.8, 64.7, 52.5, 50.9, 38.2, 28.4, 27.9, 18.3. [M+H]+ calcd for C24H40N2O9, 

501.2821, found, 501.2821. 
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tert-butyl (S)-3-amino-4-(((R)-1-(tert-butoxy)-3-(methacryloyloxy)-1-oxopropan-2-yl)amino)-

4-oxobutanoate . TFA (4-35): 4-34 (20 mg, 0.037 mmol) was dissolved in 3:1 DCM: TFA at 

RT and stirred for 3 hours. The solvent was removed in vacuo and the (4-35) isolated as a light-

yellow oil was used as is for the next step without any further purification. Yield 87% (18 mg). 

 

(3R)-4-((1-(tert-butoxy)-3-(methacryloyloxy)-1-oxopropan-2-yl)amino)-3-((S)-2-((tert-

butoxycarbonyl)amino)-3-(methacryloyloxy)propanamido)-4-oxobutanoic acid (4-36): Mono 

methacrylated Boc serine (155.6 mg, 0.57 mmol) was dissolved in DMF to which HBTU 

(216.73 mg, 0.57 mmol) was added in one portion. The reaction mixture was stirred for an 

hour before adding 4-35 (200 mg, 0.38 mmol) and DIPEA (152.26 mg, 1.18 mmol). The 

reaction was then stirred for an additional 3 hours. The reaction mixture was dissolved in water 

and extracted with ethyl acetate (5 x 10 mL). The crude reaction was then subjected to column 

chromatography (7:3 hexane: ethyl acetate) and collected 70 mg of (4-36) as a light-yellow oil 

(60% yield, telescopic over 2 steps). FTIR (cm-1) 3314.71, 2979.37, 1719.75, 1367.46, 

1151.01. 1H NMR (500 MHz, Chloroform-d) δ 7.37 (d, J = 7.6 Hz, 2H), 6.07 (d, J = 7.6 Hz, 

2H), 5.58 (t, J = 1.6 Hz, 1H), 5.55 (t, J = 1.6 Hz, 1H), 4.73 (dd, J = 7.5, 4.4 Hz, 1H), 4.65 (dd, 
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J = 8.0, 4.4 Hz, 1H), 4.54 (t, J = 7.0 Hz, 1H), 4.46 (dt, J = 11.2, 4.3 Hz, 2H), 4.42 – 4.32 (m, 

2H), 2.86 (dd, J = 15.1, 4.0 Hz, 1H), 2.78 (dd, J = 15.1, 4.9 Hz, 1H), 1.91 (dd, J = 3.2, 1.5 Hz, 

6H), 1.48 – 1.36 (m, 27H). 13C NMR (500 MHz, CDCl3) δ 169.7, 169.2, 169.07, 168.8, 167.0, 

166.8, 155.6, 135.8, 135.6, 126.6, 126.4, 83.5, 82.7, 80.5, 73.9, 64.5, 64.4, 53.87, 52.6, 50.0, 

37.9, 28.4, 27.4, 18.3, 18.3. [M+H]+ calcd for C24H40N2O9, 501.2821, found, 501.2812. 

 

(3R)-3-((S)-2-amino-3-(methacryloyloxy)propanamido)-4-((1-carboxylato-2-

(methacryloyloxy)ethyl)amino)-4-oxobutanoate (4-37): 4-36 (50 mg, 0.07 mmol) was 

dissolved in 4 mL of a 1:1 DCM: TFA solution and stirred at RT until all the starting material 

was consumed (6 h). The solvent was removed in vacuo and the TFA-salt (4-37) was isolated 

as a sticky oil. Yield: 35 mg (89%). FTIR (cm-1) 2976.46, 1660.03, 1425.19, 1350.00 1H NMR 

(500 MHz, Methanol-d4) δ 6.17 (dt, J = 6.2 Hz, 2H), 5.67 (dt, J = 6.2, 1.7 Hz, 2H), 4.78 (dd, J 

= 5.3, 3.8 Hz, 1H), 4.60 – 4.39 (m, 4H), 4.30 (dd, J = 5.9, 3.8 Hz, 1H), 3.25 – 3.15 (m, 1H), 

2.93 – 2.82 (m, 2H), 1.94 (d, J = 11.0 Hz, 6H). 13C NMR (126 MHz, MeOD) δ 173.5, 172.3, 

172.1, 168.5, 167.9, 167.1, 137.4, 136.9, 127.9, 127.1, 65.2, 63.8, 53.7, 53.3, 50.8, 37.6, 18.4. 

[M+H]+ calcd for C18H24N3O10, 444.1618, found, 444.1615. 

4.2.1. General Procedure for SPPS: 

General procedure for SPPS of peptides following the Fmoc strategy. Solid-phase peptide 

synthesis was carried out in syringes, equipped with Teflon filters. Trityl chloride resin was 

initially washed (2x DCM, 2x DMF). For pre-activation of the first amino acid a solution of 
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0.8 eq. Fmoc protected amino acid in DMF was added to the resin along with 139 μl DIPEA. 

After 5 mins the resin was washed (2x DMF, 2x DCM, 2x DMF), capped with methanol/DMF 

(2:8) (2x 5 min) and washed (2x DMF, 2x DCM, 2x DMF) again. 

Iterative peptide assembly: 

Deprotection: The resin was treated with 20% piperidine/DMF (2x 5 min) and subsequently 

washed (2x DMF, 2x DCM, 2x DMF). 

Amino acid coupling: A solution of 0.8 mmol protected amino acid in 2 mL DMF using 2 mL 

0.4(M) HBTU and 139 µL DIPEA was added to the resin. After 5 min, the resin was washed 

with DMF (2x), DCM (2x) and DMF (2x). 

Capping: Methanol/DMF (2:8) was added to the resin. After 5 min the resin was washed with 

DMF (2x), DCM (2x) and DMF (2x). Coupling of the different peptide sequences was carried 

out by adding a solution of 4 eq. of the respective amino acids using 0.4 (M) HBTU and 139 

µL DIPEA. After each coupling step the resin was washed with DMF (5x), DCM (5x) and 

DMF (5x). 

Acidic side chain deprotection and cleavage: The resin was washed with DMF (2x) and DCM 

(2x) before treating with 1:1 v/v DCM/TFA and 100 TIPS (triisopropyl silane) for 2h to remove 

the acidic side chain on the peptide along with cleavage of the fully formed peptide sequence 

from the resin. Work-up: The combined solutions were concentrated in vacuo and cold ether 

was added to the liquid residue. A white solid was precipitated out as a product which was then 

analyzed using HPLC and HRMS. 
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Synthesis of DGR: 

The peptide sequence was assembled via manual solid-phase Fmoc-synthesis in 0.2mmol scale 

and DGR was synthesized following the general procedure. First the trityl chloride resin (0.2 

mmol, 0.105 gm) was swelled with DFM for 30 mins and then drained and rinsed with 5 mL 

DCM followed by addition of SOCl2 (100 μl, 1.38 mmol) and 4 mL DCM for one hour. The 

solvent was then drained, and the resin was washed twice with DMF (2 mL). The first amino 

acid, Fmoc-L-(Arg) PBF-OH (0.8 mmol, 519.01 mg) was added to the resin dissolved in 2 mL 

DMF along with 139 μl DIPEA and stirred for 5 mins. The resin bed was then washed with 

DMF (2 mLx2) followed by 20 mL of 10% MeOH solution for 10 mins for capping. The Fmoc 

group was then deprotected with 20% piperidine (1 mLx2) and washed again with DMF. The 

next amino acid, Fmoc-Gly (0.8 mmol, 237.85 mg) was then added to the resin dissolved in 2 

mL DMF along with 2 mL 0.4(M) HBTU solution and 139 μl DIPEA. It was stirred for an 

hour, followed by DMF wash (2 mLx2) and cleavage of Fmoc group by 20% piperidine (1 

mLx2). The last amino acid Fmoc-Asp (O-tBu) OH (0.8 mmol, 328.36 mg) was added to the 

resin bed dissolved in 2 mL DMF along with 2 mL 0.4(M) HBTU solution and 139 μl DIPEA. 

Finally, the resin was washed with DCM (2 mLx3) and the newly synthesized peptide chain 

was cleaved from the resin bed and the acidic side chains were deprotected with 5 mL 1:1 

DCM: TFA and 100 μl TIPS for an hour. After an hour, the solvent was removed using rotavap 

and cold ether was added where the product crashed out as a form of a white solid. The crude 

(40 mg, 50%) was then subjected to HRMS. The mass for [M+H]+ calcd for C12H22N6O6, 

347.1679, found, 347.1671. 
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4.4. Conclusion: 

This family of synthesized cross-linkers will allow for evaluation of type, length, 

charge separation, and charge density on the delivery of cell signaling peptide sequences. 

Following the same SPPS approach as other key cell-cell adhesion peptide sequences like His-

Ala-Val-Asp-Ile (HAVDI) and Gln-Ala-Val (QAV), and cell-matrix adhesion peptide 

sequences like Gly-Arg-Pyl-Gly-Glu-Arg (GROGER) can be easily synthesized using SPPS 

and can be incorporated into the cross-linkers. 
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Future Directions 

 

Building upon our preliminary data on Ser-Ser dimethacrylate hydrogels discussed in 

the chapter 2, the first obvious future direction is the synthesis of new hydrogels utilizing the 

many untested cross-linkers produced in chapters 3 and 4 from N-Ser-Lys-C dimethacrylate 

(3-12); zwitterionic spaced compounds N-Ser-Gly-Ser-C, 3-14 and N-Lys-Gly-Lys 3-15. 

Additionally, hydrogels from the propylene glycol spaced dimethacrylate compound 4-32 and 

aspartic acid spaced cross-linker 4-37 would also offer a glimpse into how methacrylate 

spacings units would behave as well as an adjusted IEP. Initial tests should follow the synthesis 

outlined in Chapter 2, where the polyampholyte being prepared from an equimolar mixture of 

[2-acryloyloxy ethyl] trimethyl ammonium chloride (TMA) and 2-carboxyethyl acrylate 

(CAA) as to compare these compounds with Ser-Ser dimethacrylate (2-10). However – a 

variety of hydrogels can be synthesized using these cross-linkers with other zwitterionic 

monomer species and in varied amounts of cross-linker to monomer ratios. Despite the many 

new hydrogels that can be prepared, further expansions of new cross-linker species are also 

possible and will be discussed below. 

5.1. Enhancing zwitterionic cross-linkers with varied type and controlled spacing 

between polymerizable entities: 

 Studies shows that subtle changes in structure impact the non-fouling performance of 

the resulting polymers.36,61,89 For example, a recent report evaluated the performance of 

zwitterionic hydrogels incorporating a long chain cross-linker containing a sulfobetaine 

functional group.82 Hydrogels formed with this cross-linker did not completely inhibit the 

inflammatory response in vivo, but it is unclear if this is a result of the length of the cross-
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linker or if it’s the overall structure and charge distribution. The library of zwitterionic cross-

linkers will help conduct a systematic study by directly addressing this need. It is also possible 

to controllably vary the structure through a series of amino acids utilizing peptide-based 

strategy. The first modifications to build different sets of cross-linkers will be an extension in 

the overall type and length of the cross-linker. It has recently been demonstrated that the cross-

linker length impacts the mechanical properties and the degradation behavior of polyampholyte 

hydrogels through a complex interplay of steric hindrance, packing density, and electrostatic 

interactions.37 Therefore, it is possible to tune the mechanical and degradation characteristics 

of hydrogels by controlling the peptide-based cross-linker length. Specific cross-linkers 

proposed to determine how the overall length effects the physical properties of the hydrogels 

are shown in Figure 5.1. Using the previously mentioned “outside-in” strategy, a series of 

methacrylate, methacrylamide, and thiomethacrylate dipeptides containing heteroatom 

oxygen, nitrogen, and sulfur atoms respectively of various length will be synthesized and tested 

by varying the heteroatom. Spacing of the cross-linking components can vary from 8 to 16 

atoms (spacing is counted from sp3 heteroatom O, N, S between polymerizable units) and will 

simultaneously investigate the specific cross-linker types in addition to the lengths. The 

methacrylate unit could also be varied from 3-bromopropyl methacrylate (discussed in Chapter 

3 and can be added to the Y components below) instead of methacrylic acid to provide a 

propylene glycol spacer as shown before. 



84 

 

 

Figure 5. 1: Cross-linkers with varied type and spacing 

5.2. Expanding upon the spacing units between charges: 

Dipeptide based zwitterionic cross-linkers N-Ser-Ser-C, N-Ser-Lys-C, N-Lys-Ser-C 

and N-Lys-Lys-C synthesized in the previous chapter are charge separated by four atoms (the 

peptide bond and alpha-carbons). Although the zwitterionic properties have proven necessary 

for maintaining non-fouling behavior, the impact of charge spacing, and charge density have 

never been explored on cross-linkers. Research shows that charge spacing within monomer 

subunits has a direct effect on the non-fouling behavior in polymer brush and thin film 

hydrogels.36,61,89 The distance between charges could also facilitate changes in the bulk 

material properties in polymer hydrogel systems, based on the strength of electrostatic 

interactions between charged regions of the cross-linker and the charged monomer functional 

groups. Above all, charge spacing effects the ionic solvation interactions which essentially 

leads to the formation of a tightly bound hydration layer that is responsible for maintaining the 

non-fouling performance in complex environments.64,92,93 With the help of peptide based 

zwitterionic cross-linkers it is possible to probe both the spacing between charges and the 

number of charges. Tripeptides Ser-Gly-Ser and Lys-Gly-Lys (from chapter 3) dimethacrylates 
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synthesized along with addition cross-linkers from various non-natural amino acids for 

example, DAP, DAB, Homoserine etc. (Figure 5.2) using SPPS, and outside-in strategy will 

be evaluated for this purpose by utilizing variation in monomer type and length alongside 

additions of glycine. The addition of one or more glycine units increases the length between 

charges, which can potentially affect the hydration layering. 

 

Figure 5. 2: Cross-linkers from various non-natural amino acids 

5.3. Varying the charge density of the cross-linkers: 

In addition to variations in charge separation, many charged amino acid spacers could 

be added to investigate how added charges affect the material properties. A series of cross-

linkers based on additional charged amino acid residues will be synthesized to provide larger 

charge density in the cross-linkers which will essentially increase the hydration layer 

strength.35 For example, adding an internal Pbf-protected arginine group which has a cationic 

side chain and t-Bu protected aspartic acid which has an anionic side chain as shown in the 

Ser-Asp-Arg-Ser compound 5-5 in Figure 5.3 can lead to cross-linker 5-6 which has an 

additional set of charges at biological pH. The sequence of the charged functional groups could 

be of importance which could be interchanged by starting from the same precursors. An 

example is shown in cross-linker 5-4, formed from protected peptide dimethacrylates 

synthesized before, which maintains the same charge density, yet it co-locates the positively 

and negatively charged groups. The charge differences between compounds 5-4 and 5-6 is 
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color-coded with blue being cationic and red being anionic and giving (+ + - -) vs. (+  -  +  -) 

charge locations in the cross-linker. Four (or more) amino acid containing peptide sequences 

can be accomplished using both solution phase and SPPS coupling strategies. 

 

Figure 5. 3: Variation of charge density in cross-linkers 

5.4. Addition of clickable entities: 

In order to further demonstrate the impact of rigidity or length for peptide-cell 

interactions, alkyne-azide “click” coupling strategies will be investigated through different 

natural and non-natural azide functionalized amino acid derivatives.82 An example of which is 

demonstrated below where a tripeptide sequence of three serine will be synthesized following 

“outside-in” strategy as described in the previous chapter where the amino acid in the middle 

has a terminal alkyne group. A triazole ring could be synthesized which is attached with a 

small molecular such as a fluorophore (color coded with green) by reacting the alkyne with an 

azide following click chemistry (Figure 5.4). Reaction of alkynes with azides generally 

involves the in-situ formation of copper(I) from a copper (II) source (e.g., CuSO4) in the 

presence of reducing agent, sodium ascorbate. This type of biorthogonal fluorescent labeling 

experiment could be useful for incorporating into biomolecules by using the genetic code 
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expansion, or the cellular metabolic machinery. Small triazole adducts also impose a minimal 

perturbation of resulting conjugates.94 

 

Figure 5. 4: Introduction of clickable entities 

5.5. Introducing cell-cell and cell-matrix adhesion peptides as tailored side chains from 

zwitterionic cross-linkers as a proof-of-concept strategy for biochemical signal delivery: 

Another direction would be to incorporate cell-signaling peptides into the cross-linker 

as an alternative approach for delivering biochemical signals. For example, RGD which is a 

cell adhesion peptide that binds to the protein integrin present in the ECM could be 

incorporated as a proof-of-concept peptide to demonstrate the delivery of bioactive peptide 

sequences from zwitterionic cross-linkers.95 The synthesis of DGR has been described in the 

previous chapter. The accessibility and activity of this peptide sequence in this subset of 

zwitterionic cross-linkers will be evaluated in polyampholyte hydrogels using the same cell 

adhesion and viability approaches as those used to assess the bioactivity of conjugated 

proteins.96 These results will provide a direct correlation between variations in the cross-linker 

structure and the resulting RGD bioactivity. While this approach is focused on the delivery of 

RGD, it is also applicable to other key cell-cell adhesion peptide sequences like His-Ala-Val-

Asp-Ile (HAVDI) and Gln-Ala-Val (QAV), and cell-matrix adhesion peptide sequences like 

Gly-Arg-Pyl-Gly-Glu-Arg (GROGER). 
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The use of cell-signaling tripeptide sequence RGD represents the ability to further integrate 

specific cell-cell and cell-matrix signaling cues as pendant side chains from the zwitterionic 

cross-linkers, as shown in Figure 5.5. The cell signaling peptide unit can be added either before 

the hydrogel is formed or after the cross-linker has been incorporated into a hydrogel. RGD 

could be incorporated using SPPS using a synthetic strategy described below (Scheme 5.1).97 

  

Figure 5. 5: Introduction of RGD as a cell-signaling motif 

Proposed Synthesis of Ser-RGD-Ser using SPPS:  
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Scheme 5. 1: Synthesis of Ser-RGD-Ser 
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Appendix A 

1H and 13C NMR Spectra of 

Chapter 2,3 & 4 

 

 

 

Compound 2-4 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 2-5 

1H NMR spectrum (MeOD, 500 MHz) 

 

 

 

 



107 

 

 

 

13C NMR spectrum (MeOD, 126 MHz) 

 

 

 

 

 

 

 



108 

 

 

 

  

 

Compound 2-8 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 2-9 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 2-10 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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HCl Salt of Compound 2-10 

13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-16 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-17 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-18 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-22 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-23 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-21 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-12 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-13 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-11 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-24 

1H NMR spectrum (CDCl3, 500 MHz) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 

 

 

13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-25 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-15 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 3-27 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-27a 

1H NMR spectrum (CDCl3, 500 MHz) 
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 3-14 

1H NMR spectrum (MeOD, 500 MHz) 
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 4-28 

1H NMR spectrum (CDCl3, 500 MHz)  
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 4-29 

1H NMR spectrum (CDCl3, 500 MHz)  
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13C NMR spectrum (CDCl3, 126 MHz) 

 

 

 

 

 

 

 

 



149 

 

 

Compound 4-31 

1H NMR spectrum (CDCl3, 500 MHz)  
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 4-32 

1H NMR spectrum (MeOD, 500 MHz)  
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13C NMR spectrum (MeOD, 126 MHz) 
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Compound 4-34 

1H NMR spectrum (CDCl3, 500 MHz)  
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 4-36 

1H NMR spectrum (CDCl3, 500 MHz)  
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13C NMR spectrum (CDCl3, 126 MHz) 
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Compound 4-37 

1H NMR spectrum (MeOD, 500 MHz)  
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13C NMR spectrum (MeOD, 126 MHz) 

 

 

 

 

 

 


